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ABSTRACT 
A sulfate reducing bacterial isolate capable of growing 
on modified Butlin's medium was enriched from a sample of North 
Cantal oil. The purified isolate was found to be a non-spore 
forming, vibrio-shaped rod. Based on its GtC content and physio- 
logical characteristics the isolate was provisionally classified 


as Desulftovabrio vulgaris var. oxamicus. 
——— SE _ AS A ie <a, SS See a RES 


Initial chemostat studies were concerned with the effect of 
media composition at constant growth rate, on the macromolecular 
Gompositiion: of the cells. The «utilization .of -Lactate,,and sulfate, 
the production of reduced sulfur intermediates and sulfide, and 
isotopic fractionation of sulfur were also investigated. A medium 
was formulated based on these results which was used in studying the 
effect of growth rate on the above parameters. The results indicate 
that the macromolecular composition of the ceils is dependent on 


the growth conditions and is not under as tight a metabolic control 


as in organisms such as Escherichia coli or Salmonella typhimurium. 


The utilization of lactate and sulphate and the production of 
reduced sulfur intermediates and sulphide were also affected by 
growth rate. 

: . 14 : 

The incorporation of C-labelled yeast protein hydrolysate 
into cell components was investigated under different cultural 
conditions. As very little radioactivity was incorporated into 
cellular material or released as CO, it isaprobabLe that, yeast extract 


functions as a stimulant of lactate metabolism but is not itself 


Me 
1 
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actively used for cell synthesis. 

The role of sulphate redwing microorganisms in the metabolism 
of oil was investigated under field and laboratory conditions. 
Laboratory studies were carried cut to determine the ability of pure 
and mixed cultures of sulphate reducing microorganisms to grow and 
metabolize North Cantal crude oil under anaerobic conditions. Growth 
was determined by blackening of the medium. The oil was recovered 
and analysed chemically for changes in composition and the saturate 
components examined by a GLC technique for alterations in the n-alkane 
profile. None of the parameters investigated resulted in any 
utilization of the oil by the sulphate reducing cultures tested. 

The inability to use n-alkanes was confirmed in experiments using 
media containing somiape lisa octadecane. ‘There was no assimilation 
or labei, no production of CO, or of radicactive intermediates such 
as octadecanoic acid. Both the sulfate reducing isolate and enriched 
mixed cultures containing sulfate-reducers were able to respire on 
spent aerobic cultures which had originally used crude petroleum as 
their sole source of carbon and energy. 

The examination of the numbers of sulfate reducing microorganisms 
in soil samples from oil spill test plots were investigated. Increased 
numbers of sulfate-reducers were found in many of the plots which had 
received chemical fertilizer amendments. It was not possible, however, 
to directly implicate these organisms in the degradation of oil which 
was. known to have taken place in many of the plots examined. 


The results of these studies are compatible with the hypothesis 


that these sulfate-reducers function as a succession population, that 


! 


' 


is, they are not able to grow on oil per se’ but are able to grow on 
the products of the aerobic catabolism of oil. This hypothesis would 


explain their increased incidence in and around natural oil deposits. 
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INTRODUCTION 


It is a well-established fact that sulfate-reducing microorganisms 
exert a profound influence on the overall environment, especially with 
Mespect te the sulfur cycle. .~The.role,of this class .of microorganisms 
in the genesis of hydrocarbon deposits has been clearly established 
by previous workers. However, the utilization of hydrocarbons by 
sulfate-reducing microorganisms has not been a straightforward, clearly- 
and consistently-demonstrable fact as is the case with aerobic utilization 


of hydrocarbons. Previous studies by Jobson et al (1972), Bailey et al 


(1973), demonstrated that in, vitro degradation of crude petroleum by 
mixed aerobic populations gave patterns of degradation similar to those 
seen in an actual oil deposit in the Province of Saskatchewan. 
Degradation of n-paraffins and some aromatic components coupled with 
increases in the specific gravity of the crude petroleum were the 
main changes observed. The data at that time fitted an aerobic model 
Since it was known that fresh Aaadulcera® wash was occurring in the 
region where severe degradation had occurred. However, there were 
regions within the deposit where the oil still appeared relatively 
unattacked; yet rock materials taken from these areas showed evidence 
of altered pega cs ratios which could not be explained using a geothermal 
alteration model. This made it very tempting to speculate that 
sulfate-reducers had either been active in the past or were presently 
growing and metabolizing within this region. 

In the literature surveyed to date, there have been no reported 


studies, using liquid as gas chromatographic techniques, to directly 


show whether or not sulfate-reducers catabolize crude petroleum. 
Moreover, with the exception of one published study, there is little 
information dealing with the role of sulfate reducers in environments 
where active petroleum catabolism via classical aerobic routes is occurring. 

The general physiology of sulfate-reducers has been studied by 
various workers over several decades; however, specific details as to 
rates of growth, electron donor candidates, RNA, DNA, and protein levels, 
etc. have not been dealt with ito any extent. As well, the behavior of 
besultovinr to sp. in continuous culture yhas not been systematically 
studied. 

Therefore, the objectives of this project were as follows: 


Lo ‘tO Gagicacrerivge a Cuuhetise Ose WES MlrONWAloeG Wicuuelnl Ine! loeea 


enriched from samples of a crude petroleum; 


2. to investigate the growth characteristics of this isolate 
aT) Be ee eee 

3. to attempt to relate the presence of dissimilatory sulfate- 
reducers to areas where actual oil spills had occurred; 

4. to attempt to show direct or indirect catabolism of crude 


oil component (s) by-pure or mixed cultures of Desulfovibrio sp. 


LITERATURE REVIEW 
I. Introductory Remarks 

Sulfate reducing bacteria are among the most ubiquitous of 
organisms, being found in practically every type of soil and natural 
water. Holland, a country of odoriferous canals and famous micro- 
biologists, contributed most to our early knowledge of them. They 
were first formally described by Beijerinck (1895), and isolated in 
pure culture by van Deiden (1903). Baars (1930) undertook the first 
physiological and biochemical investigation of sulfate reducing 
bacteria. The work of von Wolzogen Kuhr and van der Vlugt (1934) 
first implicated sulfate-reducers as active agents in the corrosion 
OLeburied 1 ron pipes +s SFrom this pointyon, the Literature concerning 
sulfate-reducers was international-in scope and is adequately sum- 
marized in J.R. Postgate's three reviews (1959, 1960, 1965). 

Bacteria which are capable of carrying out anaerobic respiration 
using sulfate as a terminal electron acceptor are classified in the 
genussDesulfovibriosor génus Desubtotomaculum: “Thais use yof sulfate 
is generally termed dissimilatory sulfate reduction (Trudinger, 1969). 
Certain controversies exist concerning the classification Gre 
Desulfotomaculum sp. At present, the eighth edition of Bergey's 
Manual accepts the taxonomic critérta as put forward by L.L. Campbell 
(originally proposed by Campbell and Postgate, 1965) for the genus 
Desulfotomaculum. They are described as being chemoorganotropic, strict 
anaerobes, which can be either straight.or curved Gram-negative rods, 
motile with peritrichous flagella and possessing terminal or subterminal 


spores. Three species are officially recognized and vary in % G+C 
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content from 41% to 46%. At least one species, Desulfotomaculum 


nigrificans, results from the re-classification of Clostridium migrificans. 

Only a few organic compounds such as lactate and pyruvate act as 
electron donors and carbon substratés: sulfate, sulfite, and other 
partially oxidized sulfur compounds act as electron acceptors. They 
are apparently unable to utilize carbohydrates, nor can they oxidize 
acetate. Their growth temperature optima varies from 30° - 55° and they 
have a maximum temperature tolerance of 70°; therefore, they play a 
role in sulfate reduction in thermophilic environments. 

In the seventh edition of Bergey's Manual (1957), the genus 
Pesu TOvVibr iO was inc ludecsin the family Spirillaceae within the order 
Peeudononadaleés. | C.b. Zobel was responsible for the classification, of 
DesulsOvIorlO Sp. im this manner. Since, that time, a large body of 
evidence has accumulated which indicates a great heterogeneity within 
this genus. As a result, in the eighth edition cf Bergey's Manual, 
the genus Desulfovibrio has been re-classified by J.R. Postgate within 
“genera of uncertain affiliation" in part nine of the section on 
Gram-negative anaerobic rods. Five species are officially recognized: 
Desulitovibrio=desulturicans, D. vulgaris, D. salexieeie, D- arricanus, 
anc D- gigas. Dittercncracion 4 oi bascdnchiver ly onseney 2 ~GrC Content, 
presence of polar or lophotrichous flagellation, growth on pyruvate, 
malate, or choline-containing media with or without sulfate, and NaCl 
requirements. In the review by LeGall and Postgate (1973), Postgate 
stated that, "the taxonomic understanding of these organisms will not . 


advance substantially until large numbers of isolates are available 


for study by numerical taxonomy and until reproducible tests, 


i 
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particularly for carbon metabolism, can be devised." Postgate also 
found it curious that the percentages of GtC within Desulfovibrio sp. 
seem to cluster within three narrowly defined values (45%, 55%, 603%) 
yetgive an overall spread of roughly 15%. .This is' as opposed to most 
other bacterial genera which tend to spread uniformly over a moderate 
range. 
Tiel eur LSOLOpe Pract onation by Dissimililatory Sulfate 

Reducing Bacteria 

In the last 20 years there has developed an increasing interest 
in the fractionation of stable sulfur isotopes by microorganisms, 
most notably Seer aes BS This phenomenon is very relevant in 
any discussion pertaining to sulfur geochemistry. 

Isotopic discrimination between ce and Pe has been demonstrated 
during the reduction of sulfate to sulfide by eae Sp. bu 


reported values are variable. Under laboratory conditions, bacterial 
; ; 34 
Fractionation nas given 49S values varying from +2 0ofoo to -46.0/00, 


(Jones and Stearkey, 1957; Harrison and Thode, 1956; Kaplan etal, 


1960; Kaplan and Rittenburg, 1964; Kemp and Thode, 1968). 


(SIR 2A Soe 328 : - 
Mare ile soe Sener daee -___ S/S reference] , i099 
S/ S reference 
34 
6 S = sample referred to meteoric sulfur 
34 Meare 
A” S = sample referred to initial sulfate 


Baek: =, : 
In all these experiments, maximal enrichment of S in residual 
sulfate resulted from growing the organism in the presence of excess 
sulfate under suboptimal growing conditions, (e.g. low temperature). 


; 4 é ; 
In natural, recent sediments, AP S values of sulfide species 
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relative to sea water sulfate were within the range of -33 o/foo to 
—200/00,) Naka andeJensen (1964). By way Of Comparison Harrison and 
Thode (1957) found that chemical reduction of sulfate yielded a kinetic 

é 34 

PSOUOPe ChIreCt OL A ~SeOte 2160/00 over the temperature range 18° - 50°. 

Kemp and Thode (1968) confirmed in laboratory experiments with 
Cultures OL sD. desultupvcans that an inverse relationship existed 
between the degree of fractionation and rate of reduction per cell. 

As well, rates were varied by changing temperature and electron donor, 
WVierepEnestraclttonaLloneeniect appeared tO increase with increasing 
rates of reduction per cell. 

Although several models have been propsed to account for the 
variable isotopic effects in bacterial systems, the most elaborate is 
that of Rees (1973). He believes that the overall fractionation is the 
result of additive kinetic isotope effects associated with several 
stages of the sulfate reduction pathway, each of which may become 
rate-limiting under certain conditions. 

Trudinger and Chambers (1973) approached the problem in a slightly 
different manner. They propose that bacteria catalyze, to various 
degrees, isotopic exchange between sulfate and sulfide; and they state 

be é 34 ae , 
that ateequilibrium this would result am A* S velueseiom sultide ranging 
around -74 ofoo. In this same report, they give evidence which suggests 

: 35 ! 
(using s) that’ the pathway of sultate reduction im, De desulturicans 
is reversible. 

Trudinger (private communication, 1973), showed, using continuous 
culture methods, that fractionation was a function of the rate of 

: ; 34 " ee 
sulfate reduction, i.é. S values around -15 o/foo at high growth rates and 


up to -35 ofoo at low growth rates. He also found that fractionation 
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was not affected by changes in temperature or pH. ‘Unfortunately he 
aLsorround) that, fractionation under a particular set of conditions 

was variable, most noticeably a low reduction rate. Trudinger also 
Delueves, that fears values around -15 o/oo are very He yene during 
biological sulfate reduction regardless of which electron donor is 
used. .This frequently observed value is a characteristic, he 

believes of the S-O_bond rupture in APS reduction to sulfite and, 

like the theory of Reese, additional fractionation is likely a kinetic 
effect associated with one or more of the reductive steps in the 
pathway. 


III. Carbon and Electron~Donating Substrates 


require organic carbon for.ceil synthésis, dand-as an electron. donor 
for energy production (i.e. an oxidizable eit The Tack oe 
they obtain energy by anaerobic respiration of sulfate, sulfite, 
thiosulfate, etc., with electrons from an organic source makes them 
chemoorganotrophs as stated in the Bergey's Manual, 8th Ed. (1974). 
Data. on growth or sulfide yields, “or both, om materials Such as 
yeast extract or peptone (based on batch culture experiments) have 
often been reported (Bunker, 1939; Buclin, 1049- Macoherson L063). 
Postgate (1951) carrying out addition experiments, attributed the 
effects of yeast extract and peptone to their content of serine, 
ornithine, isoleucine, and cysteine. It was later found by Grossman 
(1953) that cysteine was merely fulfilling a porsing role and. could 
be replaced by Na.S. Postgate (1965) reported, as well, that ornithine, 


2 


serine and isoleucine could be replaced by EDTA, a chelating agent. 
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He suspects the amino acids merely render inorganic iron available in 
thenpresence Ofssulbtide. gethus;, tolraelarge extent,| thecsituation réturns 
to the opinions held in the earlier literature, that inorganic iron 
partly accounts for the growth-stimulating effect of yeast extract; 

the other stimulants are unidentified and may not, in fact, be real 

in the nutritional sense. 

The existing literature with respect to the nutrition of sulfate 
reducing microorganisms is essentially devoid of information concerning 
the role of a given compound as a carbon substrate and as a potential 
electron source (or in some cases as a potential electron acceptor). 

To this writer's knowledge, the only paper specifically dealing with 


the role of an crganicyrsubstrate in the nutrition of Desulfovibrio sp., 


is that of Michalus and Rittenberg (1960). The following summarizes 
their findings using iso-butanol as the target substrate. Growth 
with this substrate, as measured by HAS productiom ox ing iot Bacco, 
formed from wet combustion of cells, required yeast extract, and 
neither labelled co. nor iso-butanol were incorporated into the cells 
appreciably. Iso-butanol was, however, stoichiometrically oxidized 
to iso-butyric acid. In fact, under these conditions, the bulk of 
the cell carbon apparently originated from the added yeast extract. 
Possibly the role that yeast extract plays in the carbon nutrition of 
these organisms depends on the growth conditions, and what other carbon 
substrates are available. 

Lactate is the most common carbon and energy source used in media 


forngrowkh ofmsul fate treducingubacteria ws Ita svexidized to acetate 


via the phosphoroclastic reaction, yet there has never been a full 


: ue, Sie er739 


description of the first enzyme in the pathway, i.e. lactic dehydrogenase 
because of its apparent, extreme instability, LeGall and Postgate (1973). 
Since pyruvate is an intermediate in the oxidation of lactate to acetate 
and CO, then it too should satisfy the energy and carbon requirements of 


DesulTovibrioysp. When pyruvate is the primary source of electrons 


and carbon, certain species of Desulfovibrio can grow either in the 
presence of sulfate, using classical dissimilatory sulfate reduction to 
remove electrons, or in the absence of sulfate with hydrogen production 
acting as the electron sink (LeGall and Postgate, 1973). In the former 
case the organisms can use oxidative phosphorylation and substrate- 
level phosphorylation as a means of energy generation, in the latter 
they are forced to depend on substrate level phosphorylation as their 
sole means of energy metabolism. Akagi and Verna (1966) studied the 
phosphoroclastic.reaction in crude cell-free extracts of De evulgarvs > 
They reported that the addition of ferredoxin alone was sufficient 
to couple pyruvate dehydrogenase to hydrogenase, but full activity 
was restored only with addition of both ferredoxin and cytochrome C 
Inva briefs but RCs tearcoaine paper, Vosjan (1970) compared 


growth yields of D. desulfuricans with pyruvate and lactate as carbon 


sources. Under theveonditions, imposed anethis) study, tat higher 
substrate concentrations, sulfate became the limiting factor and 
growth on lactate stopped, while growth on pyruvate continued, but at 
a Slower rate. When sulfate was present, the cell yield/mole of 
sa ASC RTS Wasa. U0. GatObepyruVe ComaidednOnceLOon WactacesmrALter SO) 
exhaustion, these yields fell to 1.2 g and 0 g respectively. His 


conclusion, based on these results, was that electrons from pyruvate 


enter the electron-transfer chain at a lower redox potential than those 


18) 


! 
from lactate. Electrons from pyruvate could enter the system at a E 
fe) 


as low as ~700 mV, 280 mV below the H., FORrMmAatvon reaction. ?Electrons 
resulting from lactate oxidation to pyruvate would enter an electron- 
carrying system at a potential no lower than -190 mV unless exogenous 
energy was provided. Vosjan also concluded, although no experimental 
proof was provided, that there might be a phosphorylation site between 
the point where the electrons from pyruvate and from lactate enter 
the ETS. 

POsuga em To7) seotaoliched (that most Desulfovibrio (sp s can 
dismute fumarate or malate without growth. Miller and Wakerley (1966) 


Dointed oul that De-—gigas and several strains of D. desulfuricans 


could grow while dismuting fumarate. 

The Mechanisms Of Lhe fumarate dismutation pathway im D. gigas 
are summarized in the review article of LeGall and Postgate (1973). 
Fumarate iS converted to malate by a fumarate hydratase with the 
malate being decarboxylated to pyruvate by a malate enzyme. There 
is no direct. formation of lactate from malate. In addition, the malate 
enzyme is NADP specifie. in the absence of sulfate, pyruvate can be 
carried through the phosphoroclastic reaction to yield acetyl phosphate 
and CO, and molecular hydrogen. The potential also exists here for the 
formation of 1 mole of ATP by substrate-level phosphorylation. In 


addition, a membrane-linked fumarate reductase has been found which 


can link pyruvate oxidation to the reduction of fumarate with the 


4! however, neither of 


production of siiccinate.” in the presence of 750 
these reactions is necessary since the oxidation of pyruvate is then 


linked to dissimilatory sulfate reduction. 


IV. Carbon Dioxide Fixation and Mixotrophy in Desulfovibrio sp. 


Ll 


Carbon dioxide assimilation by Desulfovibrio sp. during heterotrophic 


growth is more pronounced than by other heterotrophs. Postgate (1960) 
published results showing that D. desulfuricans assimilated three times 
as much carbon dioxide as did Aerobacter aerogenes under similar growing 
CONC Meat oMeae mIinwece ition, moore (1961) isolated an unclassified strain 
OL Deculiovibeio which apparently assimilated 30% ofits cell carbon 
from CO, fixation compared with 3-8% fixed by other heterotrophs. 
Presumably the balance of its carbon originated from conventional 
sources. Unfortunately the literature is devoid of publications 
indicating the actual biochemical reactions involved in CO, fixation 
prePesuliovibrio sp: 

Desulfovibrio sp. also demonstrate the phenomenon of mixotrophic 
growth; i.e. the utilization of organic compounds for synthesis 
purposes with the aid of energy obtained by inorganic oxidations. 

The most common form of inorganic oxidation in these organisms centers 
around hydrogen oxidation. 

It has been proven by the extensive work of Sorokin (1966) that 
aestrain of D. désulfursicans isolated from the stratum water ofan 
oil deposit was able to grow by oxidation of molecular hydrogen or 
formate. Apparently biosynthesis occurred in the presence of small 
amounts of acetate which together with carbon dioxide fully provided 
the carbon requirements of the organism. 

Yagi, (1958, 1961) reported reversible oxidation of CO by sulfite 


in eel l—-free extracts of D. vulgaris was Stimulated by the addition’ of 


formate. The reaction was essentially a generation of hydrogen and cO., 
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from tne reaction of, CO with water. 


Vewe Other (Carbon, sources Utilized by D-ldesulfuricans, (strain 


Hildenborough) 


Theviiidenborough strain ol 1D, desulfuricans: has been one of the 
most widely employed strains of Desulfovibrio in laboratory studies 
in the last fifteen years. This strain was purified by Postgate (1953), 
anc eis the only "strain of Desulfovibrio whose range of carbon substrates 
has been systematically studied, MacPherson and Miller (1963). Their 
study included some forty alternative nutrients and electron donors. 
The basal medium used for maintaining the strain contained lactate as 
the only carbon source and electron donor. Utilization of a given 
substrate was measured by visually observing the cultures and scoring 


them after 5 successive transfers on their particular media on a scale 


from 1-4, (based on cell turbidity and H.S production). For the alternate 


58 
substrate study, lactate was removed and the various substrates were 
substituted. Lactate at equivalent concentration proved to be the best 
substrate for growth. Substrates giving significant amounts of growth 
were pyruvate, glycerol, sucrose and fructose. Substrates giving 
detectable growth within seven days incubation time included glucose, 
lactose, maltose, methanol, ethanol, propanol, oxaloacetate, glutamate, 
glutamine, asparagine, and yeast extract. Substrates which gave 
marginal growth and eventually led to the strain dying out upon 
transfer were fumarate, succinate, Ssuccinamide, L-aspartic acid, L- 
cysteine, L-histidine, DL-isoleucine, DL-methionine, L-phenylalanine, 
DL-threonine, DL-tryptophane and DL-valine. Twelve substrates tested 


could not support growth and included acetate, citrate, malate, 


te 
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Di-alanine, L-arginine, L-citrulline, glycince, L-leucine, L-lysine, 
L-proline and DL-serine. MacPherson and Miller also made mention of 

the fact that in a few instances, most noteably with glycerol, a 
"training period (i.e. increasing/glycerol concentrations slowly in 

the growth medium) was necessary before the organisms could successfully 
utilize the provided substrate. 

As stated previously, this is one of the few examples of a purified 
isolate of Desulfovibrio being tested against a number of possible 
electron donors and carbon substrates, before studies on the 
characteristics or peculiarities of the organism's electron-transferring 
Capabilities, or its particular dissimilatory sulfate reduction route 
were carried out. This is an unfortunate situation which has certainly 
handéered the full elucidation of the general biochemical capabilities 
Crebesullovabria@usp. , PoStgate- (1965); 

Vie@eticuvcila zation ol iydrocarpons by Dissimilacory Sulfate—Reducers 


aude ine iy Role in Crude Fetroleum pegradation 

The question of the role of sulfate-reducers in the biogenesis of 
petroleum deposits has generated a point of contention between the 
microbiologist and the geochemist. In general, the geochemist accepts 
the hypothesis that apart from geological processes involved, petroleum 
genesis is partially dependent upon microbiological activities. An 
overall hypothesis was outlined by Hammar (1934) and is still accepted, 
for the most part, as being true. In essence, his theory was as follows. 
Aerobic bacteria initially degrade all or most of the oxygen-containing 


materials within organic deposits. . This ultimately produces reducing 


conditions and a greatly lowered oxygen tension. This situation allows 


| AN age Ee eee, tgetit om cae a an, oe 


boas rele me ey we yl alone 


td 


peiteh Fe rn iad i ee, Yeh aye Web 


Se | tea 1 . »3 ¥ 4 SJ BY wie a bend 


= Ba " a 


a. 


th cramule: ile thet as pay * 
Lin my \w ound aes itv eon Wsoond, 
' 6a ae eor a re) on 


* 


ts+,¢)] San aus a cies 4 
oe 
¥ . Si ae a ; 6arse 
>) > a sf ich z seage * 
cruny / yes a me) — t Aewacalyy 
— deat ay - i. ‘ Pa wf anes 
j stands ledtsieag ie lied 
we Pe ‘/3 . a5) batt *y 
eee, : 2f ye. Sees 
t 5 — cS +) ae bs: a 
7 ae: ri ae bo? 
ais _ q 4 ; -< pe ; +e 
j i. 1-3) 4 ij sit eieeey th wig 
¢ 5 sees b eos van By 
: coe ji] NS ae ee 
ful, Bs pedir 1 ay 
on. oso lpeicting tele aati ME 
( % Mose ahs 
5! A ‘ é “> x Tu é 


iene ia FF RE A ak 2 — aad ae eins 
i bs Se . ai 


14 


a Bepcte ion Succession to occur, namely the stimulation of an anaerobic 
population. These anaerobes continue to metabolize and lower the oxygen, 
nitrogen and sulfur content of organic constituents. Lipid material such 
as sterols, fatty acids and waxes are enriched, ultimately yielding 
organic materials in the source sediments which more closely resemble 
petroleum. ZoBell (1944) pointed out the changes in elemental 

analysis during petroleum diagenesis. Carbon levels rose from 49% in 
marine sapropel to approximately 85% in petroleum. Comparison of 

the two extremes showed the oxygen content falling from 40% to less 

Viger oye ane ClenmiEtroOgen= content decreasing, from) S3ntol) léss» than 

0:5%. The hydrogem-content increased from 5% to 12-13%.- ZoBell 

went on to claim that all of these changes can be brought about in 


ViEFO Using anaerobic Clostridium ‘and Désulfovibric. species. 


Opinions vary, however, between the geochemist and microbiologists, 
with respect to the role or activity of anaerobic organisms within 
deposits of geothermally mature petroleum. By uSing in vitro 
conditions of anaerobiosis, various microbiologists have obtained 
conflicting results as to utilization of n-alkanes as carbon substrates 
by anaerobic or facultative bacteria. Initial work’ by various 
research groups did show that almost without exception, sulfate- 
reducers could be isolated from oil field waters in producing areas, 
(David, 1967). Beck (1947) tested the ability of sulfate-reducers 
to grow and generate Hs in a mineral salts medium with crude oil as 
a sole source of carbon. The systems were heavily inoculated with the 
cultures, thus small amounts of H.S generated were discounted as being 
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contaminantecarry-over..  Controls.of cultures anoculated into.salts 
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media with lactate as carbon source nearly always yielded significantly 
more HAS. Only three of all cultures tested showed any significant 
amounts of HS generated using petroleum as a carbon substrate. There 
is no indication from Beck's work that his cultures were completely free 
from non-sulfate reducing bacteria. Beck concluded that utilization of 
petroleum was at best very slow among sulfate~-reducers. 

Rosenfeld (1960) applied for a patent claiming the detection of 
sulfate reducing bacteria in subsurface waters as being an index of 
petroleum being present. This reasoning was based on an apparent 
belief of their hydrocarbon-utilizing ability. The method as listed 
aie) ene patent does not, however, include hydrocarbon oxidation as a 
criterion but simply claims the detection of such microorganisms 
grown on a lactate-containing medium. Thus, in the opinion of 
subsequent workers in the field, the patent is of questionable value 
to the petroleum industry. Updegraff and Wren (1954) are of the 
opinion that when petroleum is used as a substrate for anaerobic 
growth, the utilization cf certain non-hydrocarbon components might 
be the means of growth for sulfate-reducers. This would greatly 
depend on =the,chemical nature of the .crudesotiloas The exeaceimatuxesot 
such “non-hydrocarbon components" is certainly at this ey Se ial. 
conjecture. 

Updegraff (1954) carried out exhaustive studies in an attempt 
to determine the ability of sulfate-reducers to use petroleum hydro- 
carbons as substrates for energy and growth. Of ali the isolates 


they had at their disposal, they chose eleven for experimental work. 


Like other workers before them, they used hydrogen sulfide generation 
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as evidence of bacterial activity and not increase in cell mass or 
utilization of the added hydrocarbon. The results indicated that 4 
of 1l strains of sulfate-reducers were able to generate HOS. This 
was taken as being indicative of hydrocarbon utilization. They 
stated but showed no proof that all their strains of sulfate- 
reducers were pure cultures. 

The field research laboratories of the Socony Mobil Oil Company 


have in the past, carried out various research projects concerning 


the role of microorganisms in subsurface deposits. The results of a 
few of these projects have been reported by Davis (1967). This 


information was available to Davis, as he was a consultant in certain 
of the projects (private communication). In one of the projects, 


the oxidation of hydrocarbons by D. desulfuricans was:studied by means 


of radioactive labelling. In view of what was known about this topic 
from past research experience, it was decided that to seriously consider 
a relationship between these bacteria and hydrocarbon utilization, with 
a subsequent production of hydrogen sulfide, certain limitations would 
have to be allowed. Thus under rather ideal experimental conditions, 
the oxidation of radioactive methane and ethane was tested. After 
incubation of their systems for approximately one month, both the 
carbon dioxide in the atmosphere above the plate cultures and the 
Desulfovibrio cells were radioactive indicating that both methane and 
ethane were utilized by the sulfate reducing bacteria. 

This work is reasonably significant in any discussion of 
microbiology pertaining to the field of petroleum research, since it 


is evidence to indicate that sulfate-reducers play at least a small 
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role in subsurface metabolism of volatile petroleum components. It 
is unfortunate, however, that the only description of the experiments 
appear in the textbook by Davis (1967) with no actual data being 
presented. Therefore it is impossible to judge how much label 
conversion was taken to be significant in the study. 

Harlier work by Rosenteld (1947), Uspenskii et al (1947), Shturm 
(1951), and Dostalek et al (1957) had also attempted to show positive 
utilization of petroleum hydrocarbons by sulfate reducing bacteria. 
Typically their methods depended upon the reduction of methylene 
blue as evidence of hydrocarbon oxidation. Such methods are now 
known to be insensitive and subject to errors because of uncontrolled 
variables. Thus their work cannot be accepted with as much confidence 
as can the work carried out by the field research labs of Socony 
Mobil Oil Company. However, the work of Uspenskii et al (1947) does 
show one interesting fact; namely that amounts of apparent hydrocarbon 
oxidation by sulfate-reducers were extremely dependent on the type of 
petroleum used. Generaily oils of high paraffinic character were 
preferred substrates as opposed to oils of high naphthenic or asphaltic 
eChabacueer. 

Much of the research in the period 1940-1950 with respect to the 
role of sulfate-reducers in petroleum degradation was carried out by, 
or influenced by Zobel (1944), (1947). li would appear that his 
group enriched many mixed anaerobic populations containing sulfate- 
reducers capable of utilizing non~hydrocarbon components as well as 
paraffinic hydrocarbons. As well ZoBell claimed to have isolated an 


organism, D. hydrocarbononoclasticus which in pure culture could 
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anaerobically utilize paraffinic hydrocarbons as the sole energy and 
carbon source. However, several aspects of this work must be criticized. 
Bicstyof all; his claim of (Desulfovibrio sp. degrading large quantities 
of paraffin material must be questioned since no direct chemical evidence 
CL Stnrs Wwas presented other ftiian tdetectionsof slow coneentrations, of fatty 


acids which could concéivably result from cell autolysis. His’ statements 


eoncermingetheppuricy ofshissculoure iofeb-: hydrocarbonoclosticus cannot 


be substantiated since the strain has been lost and has never been 
Perusolated, noriwas (it ever submitted to sa jtype, culture collection. 
His use of ascorbic acid to poise his defined growth medium must be 
questioned, since in none of his work does he show adequate controls 
to determine whether his “purified" sulfate-reducer or his sulfate 
reducing mixtures could use ascorbate as an electron donor or carbon 
source. MacPherson and Miller (1963) state that caution should be 
observed impusingmascorbateras a reducing agent .inygmedia for sulfate- 
reducers for this very reason. His work with admittedly mixed cultures 
of facultative anaerobes and sulfate-reducers which liberate bound 
petroleum from tar sands, glass, wool, ignited sand, etc., was 
impressive in that significant amounts of oil could apparently be 
released, judging by the photographic evidence presented in his 
papers, and in Davis (1967). The release of oil was apparently 


due to surface-active agents and CO, produced by the bacterial flora. 


Z 
One of the most important contributions in terms of the ecology 
of sulfate-reducers in oil deposits was the work carried out by 


Kuznetsova and Gorlenko (1965). This work centered around the 


Romashkino oil field in the USSR, which has been maintained ina 
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producing state by the commonly used procedure of water injection 
wells. After approximately one year, this fresh injection water 
appeared as co-produced water in the pumped oil. From this co-produced 
water, Kuznetsova and Gorlenko successfully isolated a mixture of 
microorganisms composed of sulfate-reducers, a Pseudomonas sp. and 
another unidentified facultative anaerobe. Experiments were then 
designed to duplicate growing conditions found within the oil deposit. 
The results of these experiments can be summarized as follows. 
Dissolved HS Was, eviGent in the «co-produced waters ,vand sini vitro, 


the most active formation of HS in a mineral medium with petroleum 
during the growth of the microorganism complex was at 27-30°. At 40° 
sulfate reduction was essentially absent. The optimal temperature 
for the growth of the sulfate-reducing bacterium from the organism 

Their data: indicated that sulfate reduction, at the expense of 
oxidation of petroleum hydrocarbons was a complicated process in which 
not?) Only. sultatemreducsnombactersaytook: part ~ but alsorthe Pseudomonas. 
Sot siwiacn torObabinn carwiled ou inutial petrokeumroxidationsawinus a0 
would seem that sulfate-reducers indirectly use petroleum hydrocarbon 
components and as yet, their direct use of hydrocarbons in an anaerobic 
environment has not been conclusively proved. 

Postgate (1960) also questioned whether there is sufficient sulfate 
in and around the average oil deposit to allow appreciable amounts of 
sulfate-reducer growth using petroleum hydrocarbons as substrate. 

Although not indicated in Kuznetsova's paper, it is probable that 
the injection water supplies dissolved oxygen to the facultative 


portion of the mixed population, and hence the initial hydrocarbon 
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oxidation is via a classical aerobic mechanism as proposed by Winters 
and Williams (1969), Jobson et al (1972) and Bailey et al. (1973). 
Vil seoyntrophy, Between soul fate-Reducers, and ,Qther Bacteria 

Sulfate Peadeag bacteria show a rather limited substrate 
specificity, so syntrophy with other bacteria is of considerable 
ecologicaleimpor tance... elezukea (19637 1964) , after a long and 
complicated study of the Sumida River, showed that a lactic-acetic 
fermentation of carbohydrate-like material provided substrates for 
Pecvemialecultale reduction. |.Organisms stich as BE. coli, and A. 
maerogereo were ipl iCcarcd sas) being cesponeible.for the initial 
fermentation. Tezuka could also show that crude enrichments of 
sulfate-reducers would utilize a wider variety of amino acids. and 
Ste atta lLouliane could pucescultures sor Desuliovilric. 

Tuttle and co-workers (1969) uncovered a fascinating syntrophic 


relationship existing between cellulose-utilizing microbial mixtures 


and species of Desulfovibrio. Acidic mine leachates, rich in sulfate 


and iron, were passing through a wood residue piie from a sawmill. 
Action of the cellulolytic organisms in the region of the sawdust pile 
provided carbon substrate for dissimilatory sulfate-reducers which in 
turn caused sulfide production and the preciprtation of 10m .as bes. 
The net result was removal of iron and sulfate from the stream and 
a neutralizing of the mine leachate waters. The sulfate-reducers 
functioned in mixed cultures at pH 3; while in pure culture, they could 
not tolerate.a pH of: less than 5.0. 
Vitti y Mechanismiof Dissimilatory Sulfate Reduction 

The sulfate reducing bacteria, classified in the Shine Ck ee 


characteristically oxidize molecular hydrogen with the reduction of 
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sulfate to sulfide in the absence of air. There is also good evidence 
LO Support the claim that they carry out’ oxidative phosphorylation. 
This evidence comes from studies carried out with whole cells and 
cell—<ree preparations, aceon, U1972).. Thesautilization of suifate 

as an inorganic electron acceptor is unique in that it requires ATP 

for the activation of sulfate in the form of adenylyl sulfate (APS), 
Pshimoto (1959 )r, pene (1959). Dissimilatory Sulfate réduction differs 
from the other form of inorganic respiration commonly found in nature, 
namely nitrate reduction (denitrification). In this case nitrate is 
reduced to nitrite with no preliminary activation by ATP required. 

The nitrite thus formed can accept additional electrons and be further 
reduced to either NH, N50 Ox. N.- In the case of NH, formation, the 
pathway is exactly the same whether the organism iS uSing it as a means 
of generating biosynthetic ammonia from nitrate or whether the organism 
is using nitrate for "dissimilatory" purposes as an electron acceptor 
in the absence of oxygen, Campbell and Lees (1967). 

The role of dissimilatory sulfate reduction is obviously an 
ecseni ia) One ngvesulfovibrio sp. Since, this 1s.2tesr primary metnod 
of respiration. However, the steps of the process are still not 
completely understood. 

Most workers agree that sulfate functions as the terminal electron 
acceptor for the enaerobre respirations or DesulrovibriO.s >. “LE is from 
this premise that the bulk of the research has proceeded. The form in 
which sulfate is reduced has been clearly established as being APS, 
as mentioned before. The enzyme catalyzing this reaction is termed 


ATP sulfurylase, Ishimoto (1959). Inorganic pyrophosphatase is 


required in all likelihood for the formation of significant amounts 
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of APS, since it is known that any accumulation of pyrophosphate 
blocks further synthesis of APS. APS is directly reduced to AMP and 
sulfite by the enzyme APS reductase, an iron-containing flavoprotein 
with a molecular weight of approximately 220,000 (Peck, Deacon, and 
Davidson, 1965). This initial two-step reduction to sulfite requires 
two electrons per-molecule and is the first known stage of sulfate 
Belting sasea  termitiaieelectron-acceptor.| Extracts of Desulfovibrio. 


sp. lack APS kinase and do not form, reduce, or metabolize PAPS (an 


intermediary step following formation of APS in the assimilatory sulfate 


PeauGuw1on ,OUuTe) (hee, LeGall, and Pack, 1971). However, they do 
possess low eee a biosynthetic sulfite reductase (Lee et al, 
LOWE The action of this reductase is reversible with oxygen as 
Cleceron acceproL.- ine cell-free systems thee results 1m the.formation 
of a high energy sulfate bond which can be exchanged for phosphate 

in the presence of ADP sulfurylase. This is the only known instance 
of substrate level phosphorylation using inorganic reactants (Lee 
Crecleatoy ee RObbine wands Lipemamyr, LO53y" “This same system appears 


to be the mechanism involved in the oxidation of sulfur compounds 


invcertain Species of Throbacitlus ‘(Bowen (1966) . 


rheyroute Of dirssimilacory Sulfike reduction 16 ditterent from 
the assimilatory pathway. It is now known to contain or involve at 
least three distinct enzymes and inorganic intermediates. The 
elucidation of this pathway has been classic in terms of elegance 
of experimental design (Suh and Akagi, 1966). They were the first to 
clearly demonstrate the accumulation of thiosulfate during sulfite 


reduction. Kobayashi, Tachibana and Ishimoto (1969) also presented 
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convincing evidence that trithionate and thiosulfate were sequentially 
accumulated during the reduction of sulfite by fractionated extracts 
Of sD. vulgaris. The Vatter authors proposed the following series of 


TeacLlons LOL tie Freduction of sulfite to Sulftdes: 


= a, os * a 
SoM MR eee ret 210 [1] 


Ase Di Sulit tre reauctese, (desulfoviridin) 


ea as os oe csi py 
S + 2e a SS + ¢ j 
6 i GEN eel ae ey 
tes Trithionate reductase 
Bin = kk Seed ee 
cee > + 2 
S50. 2e Ss SO. fd 


eS i.Osuliate reductase 


Very firm evidence presented by Lee, LeGall, and Peck (1973) indicates 
that the actual species initially reduced in this sequence is 
bisulfite (reaction [1]). The enzyme involved, bisulfite reductase, 
corresponds perfectly with the properties of desulfoviridin and the 
two names are now considered synonymous (for this particular species). 
The enzymes involved in reactions [2] and [3], trithionate reductase 
and thiosulfate reductase respectively, have both been demonstrated 
in crude cell extracts. However, only thiosulfate reductase has been 
purified to any extent. 

If one studies the paper by Barton and LeGall (1972), their 
proposal for the route of dissimilatory sulfate reduction is very 
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a ee 
2 2 BUG p 
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Hee sch ee 
Pach Oe SONNE eco Ms 2 [4] 
eee meee er eer Teo. Tao On [5] 
2 ne 3 ; 


The only- difference in this series of equations is in the origin of 
electrons for the system. Kobayashi and co-workers (1969) assumed an 
organic electron source, whereas the scheme of Barton and LeGall clearly 
demonstrates the feasibility of i, as an, electron donor and illustrates 
Four eee te Dost Gop tne therpathway, that I, can enter the pathway. 
This would yield 8 electrons, sufficient to reduce one atom of 

Si URUP trom am Oxidation stateyor, +6. to.~2.. 

The route of sulfate reduction to sulfide is reasonably well 
understood; the mechanism by which the electrons involved become an 
ingegral pert of oxidative phosphorylation is, mowever; less) than 
clear. Two basic problems exist. which block our complete understanding 
of the energetics ofthese microorganisms. The first issue centers 
around the number of phosphorylations involved in reduction of sulfate 
Wathlelectrons from hydrogen Crsenvorganic lelecrronm donor. The AGS 
for the oxidation of four hydrogen molecules with the reduction of one 
molecule of sulfate to sulfide is -38.6 Kcal/mole; Barrony (LOZ) Or 


-35 Kcal, if one uses tables available in most physical chemistry 


texts. If one assumes an effeciency of about 50-60%. (Stouthamer, 1973), 
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in most bacterial systems there is sufficient energy for the formation 
of roughly three high energy phosphate bonds. This assumes the free 
SNergyeC seroma elon Ob bes —s.3 Kcal/mole (at 30° and optimal 

eh tier se Re There exists three enzymatic reaction in the 
dissimilatory reduction of sulfite to sulfide Ce mentioned previously) 
to which phosphorylation might be coupled. The Act form thestinal 
reduction of thiosulfate to sulfide with hydrogen is -2.7 Kcal/mole; 
therefore this reaction cannot be linked to ATP formulation on thermo- 
dynamic grounds. Thus the only way 3 ATP's could possibly be generated 
would be the reduction of 3 sulfite molecules with the formation of one 
trithionate molecule, the reduction of trithionate to yield sulfite and 
thiosulfate and recycling of the two sulfites from trithionate and 
thiosulfate breakdown back into formation of trithionate. 

Interestingly enough, the 4G) for the. oxidation of 2 moles of 
lactate to acétate with the reduction of one mole of sulfate is -40.6 
Keal/mole of sulfate. The oxidation of four moles of pyruvate, zn the 
same mechanism has a potential AGS of -85.2 Kcal/mole (Decker et al, 
LO7O) 

A second problem which complicates the matter further is the 
presence’ in Desulfovibrio sp: of Several electron-transfer components 
which apparently link the electron donors (hydrogen or organic 
compounds such as lactate) with the primary acceptor (sulfate and 
further reduced intermediates). 

D. desulfuricans was the first non-photosynthetic anaerobe in 


which the presence of a cytochrome, cytochrome C was demonstrated, 


ey 


[shimoto. ctwal (L956). This=cytochrome (Ee = -213 mV) possesses a 
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demonstrable heme prosthetic group and serves as an electron acceptor 

FOR nydrogenase,, and a *donor ies Sulfate reduction, Its molecular 

| weight has been established.as being 12,000 daltons (Postgate, 1956). 
’ A second cytochrome, cytochrome b has been recently described by 

Hatchikian and LeGall (1972). It serves as an electron acceptor for 

hydrogenase and will donate to fumarate. 

Hatchikian et al (1971) describe two additional cytochrome 
species. The first, PUL och none €-553, is smaller than cytochrome C, 
with a molecular weight of 9,000. It too possesses a heme prosthetic 
group and serves as the electron acceptor for formic dehydrogenase; 
however, no compound has been identified to which it can donate 
electrons. The second cytochrome described has been termed 
cytochrome cc~3 which possesses a molecular weight of 26,000 and 
er Cource a Neme prosthecie group. (lt has not yet been determined 
as to which reactions donate electrons to this cytochrome. It can, 
however, serve aS an electron donor for thiosulfate reduction. 

Perr edOxin was Suspected, to, De present iin Desulfovibrio sp- 
by many researchers, but LeGall and Dragoni (1966) were the first to 
aAGuucinvwersolate ity successrully trom Do gigas. «Lushes va moleciilar 
weight of 6500 daltons and possesses 4 iron atoms per molecule. It 
has been pope hee that this. ferredoxin serves as the electron 
acceptor for cytochrome C4 and can donate electrons to sulfate 
reduction. Initial sequencing of this ferredoxin indicates a high 


degree of homology to clostridial ferredoxin (Travis et al, 1971). 


An electron-carrying component called flavodoxin has also been 


isolated from various Desulfovibrio sp. Its molecular weight has been 


estimated to be 16,000 daltons; its prosthetic group being FMN. It 
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is known that flavodoxin serves as an electron acceptor for reduced 


cytochrome C, and will successfully donate to sulfate reduction (LeGall 


3 
et aAlwi1967 )n 


One electron carrier has been isolated from D. vulgaris which is 


known to accept electrons from NADH wos Cakmien ar uUbLedoxin ,. having 


3° 
an estimated molecular weight of 6500, possesses a non-heme iron 


prosthetic group and can donate electrons to cytochrome C (LeGa Lig L963). 


3 
All of the above-mentioned electron carriers have been shown to 

be active in electron transfer; however, most of the observations have 

been made with crude or impure preparations. Because of this, it is 

not yetspossible to. assign discrete physiological roles to each carrier. 


Actually, the multiplicity of carriers has been a problem in attempting 


to define the roles of a specific carrier. The occurrence of some of 


the carriers in soluble protein is necessary for. cell synthesis 
purposes, but may also be an artifact of cell breakage, since it is 
expected that if these carriers are involved in oxidative phosphorylation 


they should be located in the membrane fractions of Desulfovibrio sp. 


LeGall and Postgate, 1973). 

Proof of oxidative phosphorylation coupled to the oxidation of 
hydrogen with eulfiatemin Goude free extracts Of Desulfovibrio sp. has 
been shown by Peck (1966), and, as mentioned previously, by Barton 
(29.72 85 ius known thatthe energy. meleascdcin the oxadation of 
hydrogen by sulfate is about -40 Kcal/mole of sulfate. As inferred 
previously, if the available energy was released equally in the four 


reductive steps of dissimilatory sulfate reduction, none of the steps 


would provide sufficient energy to support oxidative phosphorylation. 
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Therefore the occurrence of intermediates in the reduction of sulfite 
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may cLepresent an adaptation to restrict the major energy-releasing steps 


to permit phosphorylation coupled to electron transfer. Apparently this 


view is supported by the fact that the ES of thiosulfate reduction is 
close to that of the hydrogen electrode and that the Tare of the 
trithionate/thiosulfate couple is around +0.2 mV (Peck, 1974). 
Peck further believes that electron transfer may occur from specific 
ebecrronsdonors  suchhas lactate, sLhtough Specific electron; transfer 
chains to specific acceptors such as a trithionate reductase. 
IX. Hydrogen Metabolism in Desulfovibrio Species ane Other 
Associated Organi sms 
In the introductory remarks of this literature review there was 


brief mention made of the production of hydrogen by Desulfovibrio sp. 


in the absence of sulfate. This is apparently limited to situations 
when simple substrates such as pyruvate and perhaps ethanol are the 
primary electron donor. In most cases, however, sulfate is available 
COMDeculiovi belo esp 1 native, OD 1siyprovideduin laboratory experi— 
ments. Thus these organisms are able to use 4 as an electron donor 
with sulfate. as the acceptor. It would appear that thissas one of 
the most overlooked phenomena in nature as the following statements 
will attempt to indicate. 

Postgate (1960) in his review article concerning the economic 
activities of sulfate reducing bacteria indicates that practically 
any environment which either produces hydrogen or has iron-water 


interaction can support these organisms. This assumes of course the 


availability of a suitable carbon substrate(s) .) This opinion jis also 


expressed by Davis) (196/)7 Peck (1974), Roy and” Trudinger (1970)* and 
Trudinger (private communication, 1974). It is generally accepted 
that sulfate-reducers play a major role in anaerobic corrosion 
Mrocesses. s ney,dO this chierty by Shitting reaction equilibria 
(i.e. removal of hydrogen from iron-water interfacial areas). This 
reaction was termed cathodic depolarization, in that dissimilatory 
sulfate-reducers possess hydrogenase with which they depolarize the 
surface of wet metal by removing the protective film of cathode 
hydrogen. 

Interpretation of corrosion coupled with cathodic depolarization 
bysRoOy and Trudinger (197/0)" as as’ follows: 

Aye + MA : 
1. 4Fe~ 4 Fe se eS (anodic reaction) 
ang Selaga te 
ip ate HO nO Tue ts Or 


(cathodic reaction) 


gee teas Seren H, 


By SOT 134 Ho Se 4-4 0 (cathodic depolarization - Desulfovibrio) 


4 2 2 a wa 
++ -~ 
4. Fe + - Pes (COlnrOsiton product) 
44+ - : 
3 3 Fe =. 6 Othe = 3 Fe (OH) , (corrosion oroduct) 


Simply on the basis of these five reactions, dissimilatory sulfate- 
reducers constitute a very influential microbiological group in terms 
of their environmental effect. 

Peck reported in his review article on the evolutionary significance 
of inorganic sulfur metabolism (1974), that hydrogenase activity could 
De washed, £LOm cCeLuatiel. Glgas icc ates by VOL texing ma phosphate buffer 
and assaying the wash according to the method of LeGall et al (1971). 
Using procedures employed to demonstrate the periplasmic location of 


enzymes, it was possible to remove 90% of the hydrogenase from 
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Hydrogenases in various microorganisms have been classified according 


to their molecular weight, solubility, and susceptibility to aggregation, 


Kidman (1969). Their work indicated that hydrogenase from D. gigas had a 


molecular weight of 56,000 daltons and was composed of an undetermined 
number of distinct molecular species. It is generally believed that 
hydrogenase (EC Of =A1 OSLO 420 -mV) activity 1s directly coupled: to 
ferredoxin (-413 mV) or flavodoxin which in turn can donate to 


YL Oct OMe se et =U; ny) Dresentetm Desultoyvibrio sp. “Electrons at 


3 


the level of cytochrome c. then enter the dissimilatory sulfate 


3 
reducticn pathway. 
A Jer opecises, Hydrogen TLaAnsi er, 

As basic studies have progressed in the area of microbiclogical 
relationships within the sulfur cycle, it has become apparent that 
microbial types such as the purple suifur bacteria can derive their 
electrons from HS production by sulfate-réeducers. 11 some cases 
there may also be a transfer of reducing power from certain photo- 


synthetic bacteria to sulfate-reducers. A growing body of evidence 


is being assembled which suggests that such transfers do occur (Bryant, 


1969), and that the molecule actually transferred is molecular hydrogen. 


Burther,’ growth.of D. vulgaris’ and D. desulturicans ©n pyruvate a7 


the absence of ‘the obligatory terminal electron acceptor sulfate has 
been observed when these organisms are cultured with the H organism 
isolated from Methanobacillus omelianskii. Methane is formed 


presumably the the utilization of the electrons derived from the 


oxidation of pyruvate, Bryant (1969). From these and other observations 


concerning altered fermentation in mixed population, Wolin and Bryant 
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have developed the concept of interspecies hydrogen transfer. 
De Growell wicid Studies of Desulfovibrio sp- 


Desulfovibrio sp. occupy a unique position in anaerobic microbiology 


due to their abilities to carry out oxidative phosphorylation. Yet as 
stated by Barton et al (1972) in their paper dealing with oxidative 
Dhoosphorylation in Desulpovinrio, 1t is not at ali clear how much ATP 
Eouinereact Generated In a given round Of dissimilatory sulfate reduction. 
Thus to speak of re values-with respect to Desulfovibrio sp. without 
a clear picture of their energetics is, to say the eee suspect. 

The use of the term Yap in discussing cellular metabolism dates back 
to the pioneering work of Bauchop and Elsden (1960). They measured 
growth yields of several microorganisms in terms of grams of cells 
ToOrneasper Mole Or ATP (hence ae hese Celterminations, were made 
with organisms and growth conditions in which the net ATP gain per 
mole of substrate was accurately known from the metabolic balances 

and studies in vitro on the enzymic pathways. It is also important 

to note that all calculations were made on cultures growing in complex 
media which contained high concentrations of amino acids or yeast 
extract. Under these conditions, practically none of the cellular 
carbon was derived from the substrate (e.g. glucose) which was 
exclusively utilized as an energy source. From these measurements 
Bauchop and Eldson established a Moers mean value of 10.5 g (dry weight) 
of cells formed per mole of ATP. The measurements which yielded this 
méan varied from 8.3 to 11.5 g-cells/mole of ATP. Since the publication 


of this paper, most physiologists believed that the value of 10.5 


represented a constant in microbial metabolism. 


a2 


medium containing excess sulfate as electron acceptor and NH, Cl as the 
nitrogen source with either pyruvate or lactate as carbon and energy 
source. He obtained molecular growth yields which gave an average of 9.6 
grams (dry wt.) of cells/mole of substrate utilized. This he rounded to 
10 grams for convenience and then reasoned that since the accepted 

TEP Velie Waset0) 5, tlisesterain of Desulfovibrio must be gaining a net 
of about one mole of ATP/mole of lactate or pyruvate consumed. He 

then went on to propose a pathway of dissimilatory sulfate reduction. 
In this scheme, electrons came from either lactate (4 electrons) or 
pyruvate (2 electrons) and were accepted by cytochrome C3- His 

scheme showed the transfer step from lactate or pyruvate to cytochrome 
C, as producing one ATP/pair of electrons transferred. This ATP was 
then utilized in the scheme in that 0.5 moles ATP were consumed in the 
activation of 1/4 SO, and the remaining 0.5 moles ATP were consumed 

in the reduction of 1/4 SO. to,sulfide. * Thus oxidative phosphorylation 
yielded no net ATP. The one net ATP/mole of substrate consumed came 
from the substrate level phosphorylation occurring in the conversion 

of acetyl phosphate to acetate. As stated before, this whole metabolic 
scheme was proposed with no proof other than its serving as an explana-~ 
tion of how D-) desul furicansscouldshavevwa Yarp value close to that 
reported earlier by Bauchop and Elsden. The utilization of 0.5 moles 
of ATP in the-reduction of 0.25) moles of sulfite to sulfide is very 
questionable, and has not been included in other dissimilatory sulfate 


reduction schemes published subsequent to 1962. 


More recent work by Stouthamer and Bettenhaussen (1973), has cast 
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severe doubt on the earlier belief that a are value of 10,5 is more 
or less constant among different microorganisms. They believe that 
the value of 10.5 might be considered as an upper 'limit for cells of 
normal average composition growing in a medium where full energetic 
coupling occurs. They do indicate, however, that even higher yields 
can be demonstrated. In an experiment with known metabolic pathways 


eucecalictactory carbon recoveries, it was proven that Lactobacillus 


casei had a ee value, of approximately 20. - On the other hand 


Zymomonas anaerobia gave a value of only 5.9. Stouthamer and Betten- 


haussen argued in their paper, with convincing evidence, that Crp 
\ c 


for an organism is determined by the cell composition, the specific 
growth rate and the maintenance coefficient. Thus it would seem 


Jesulfovibrio sp. 


that the figure of 1 mole of net ATP generated by 


4 


from a mole of lactate or pyruvate, thus giving a value of 


i 
ATP 


approximately 10 cannot be fully accepted since the pathways laid out 


EOuGXplainm these values are based on a constant Yarp Wei uewo by 10.5 
a5 


which may or may not always be correct. For this reason there is 


sp. gain .from.coupling lactate or pyruvate oxidation to dissimilatory 
sulfate reduction. Moreover, the degree of efficiency of oxidative 


phosphorylation in Desulfovibrio Sp. 1s inequestven= (Barton, 19/2). 
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MATERIALS AND METHODS 

I. Sources of Chemicals, Reagents, Solvents and Petroleum 

All chemicals used were of reagent grade and were obtained from 
commercial sources. Solvents used for chromatography were of infra-red 
spectranalyzed quality, and were obtained from Fisher Scientific 
Company. Silica gel (28-200 mesh) and F-20 Alcoa Alumina gel (80-200 
mesh) were purchased from Matheson, Coleman and Beil, 

The supply of North Cantal petroleum used was obtained from 


imperial Oil Co., Calgary, and originated in the Weyburn Oil Field, 


Province of Saskatchewan. 


Pe MUCrobDLoLoeica ) 

A. Cultures Employed 

Most of the research carried out for this thesis involved studies 
Cieaspure Cul Lure Of a Decullovibric species isolated: irom a sample, of 
North Cantal oil. This isolate, provisionally identified as a strain 
Or Decultovibrio vulearis,, sub-species oOxanlicus, Swill besmetcrred® Co 
age isolate 7. 

Two mixed cultures, each containing Desulfovibrio spp. and 
facultative aerobes, were obtained by enrichment procedure using soil 
samples from Nipisi (Alberta) and Norman Wells (Northwest Territories). 
These mixed cultures will be referred to as MC #1 and #2 respectively. 

B. Media 

Butlin's medium (1949) was used for maintaining cultures, but was 


modified for continuous culture studies. The levels of MgSO, + 7H50 were 


reduced and Feso, and CaCl, *6H,0 were omitted to minimize the 


development of precipitates. 


to as Medium #1, is as fol¥ows: 


Rj HPO,), 


Ni, C1 


NayS0, 


Mgs0, 


*7H,0 


Sodzum™= tactate = (607 ) 


Weast extract (Difco) 


Distilled "water 


1000. 


pH after autoclaving 


For nutritional and growth experiments, 
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this medium, referred 
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levels of medium 


components were varied according to the foliowing list: 


Medium #2: 


Medium 


Medium 


Medium 


Medium 


Medium 


Medium 


#3: 


#4: 


#5: 


#6: 


#7: 


#8 : 


Sodium lactate: 

Sodium Lactace: 

} S : 

Nay50, 

Yeast extracr: 
SOB 
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Sodium lactate: 

Yeast vextract : 
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Sodium actace: 
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Yeast extract: 
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A modification of Brewer's medium was employed (Collins, 1967) 


POGEY lable: count Studies. 


Dextrose was omitted and sodium lactate, 


sodium sulfate and ferrous sulfate were added, resulting in a medium 


of the following composition: 


Meat extract 
Yeast extract (ifco) 
Peptone (Difco) 
Sodium) lactate (6024 

(J 
Nays0), 


Sodium thioglycollate 


Agar 
Distilled water 


pH adjusted to 


a0 


9Q 


ml 


GQ 


In an experimental series involving oil catabolism, a medium 


developed by ZoBell (1947) was modified by substituting 1.0 ml of 


North Cantal crude petroleum for sodium lactate and distilled water 


hOrecea water. 


K,HPO 


PAE 


MgSO, + 7HL,0 


Naj50, 


Nay50. 
Caco, 


NH, C1 
Ascorbic acid 
Sodium lactate (607) 


Sea water 


pH 


1000. 
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C. Culture Maintenance 

Capped tubes (18 x 150 mm) containing 15 ml of Medium #1 were 
used for growing and maintaining cultures of Isolate #1 and the 
mixed populations. The addition of two small, sterile, iron finishing 
nails to each tube resulted in the potential being poised in the bottom 
GCrethe tubes to levels ag low as —280 “mV “Pankhurst, 1971)... This 
technique was used as a convenient method of developing and maintaining 
anaerobic conditions. Quantities of culture could be removed by the 
use of sterile Pasteur pipettes from the area around the nails and 
transferred to a tube of fresh medium containing poising nails. In 
this way, stock cultures were easily maintained and transferred in an 
active state. 

Da numeration (Ot oultate-heducers 

The assay of soil and water samples for the presence of sulfate- 
reducers was carried out using a modified most probable number procedure. 
Dilutions of the sample were made in milk dilution bottles containing 
3 mM phosphate buffer (pH 6.5), poised with 0.1% sodium thioglycollate. 
One milliliter of such dilutions were added to 18 x 150 mm tubes 
containing 10 ml of normal Butiin's medium plus two iron finishing 
nails. Groups of five tubes were inoculated with aliquots of each 
dilution. These tubes were briefly mixed and then incubated at 30°C 
for 14 days. At the end of the incubation period, the tubes were scored 
for positive blackening (inditative of FeS' prodtiction as a result of 
HS liberation). The results of the scoring were compared with most 
probable number tables to obtain the "most probable viable count". 

Viable count studies on cultures of Isolate #1 were undertaken 


in a difterent manner. The initial culture dilutions were prepared 
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using 9 ml tube dilution blanks containing 3 mM phosphate buffer (pH 6.5) 
poised with 0.1% sodium thioglycollate. One-tenth ml volumes of these 
dilutions were added to triplicate tubes containing 10 ml of Brewer's 
agar held at about 43°C. ape inoculated Brewer's tubes (screw- 
capped) were inverted four times and allowed to harden. The caps were 
loosened and then the tubes placed in an anaerobic jar (BBL). The jar 
was charged with a gas-pak, sealed, and incubated at 30° for four days. 
On the fourth day, the tubes were removed and black colonies within the 
agar counted in those tubes which gave sufficient dilution to allow the 
recognition of distinct colonies. This procedure usually limited the 
counting to tubes showing less than seventy colonies per tube. 
Incubation for less than four days did not allow for full colonial 
erowth at higher dilutions. If left for more than four days, most 
positive tubes would show blackening throughout, so that individual 
colonies could not be recognized. 

Ee SELectronm Microscopy. 

Samples for electron microscopy were supported on carbon-~ 
shadowed, Formvar-coated, copper grids. These preparations were 
negative-contrast stained with 3% (W/V) phosphotungstic acid and 
examined in a Phillips Model 200 electron microscope. 
iti ,culturing techniques 

AS .Batch Cubture 

Various volumes of both Isolate #1 and the mixed cultures were 
grown under batch culture conditions. Regardless of the medium being 
used, ne following protocol was adhered to. The media, vessels and a 
supply of 10% sodium thioglycollate (in distilled water) were 


autoclaved separately. When cool, media were added aseptically to 


the growth containers and sufficient thioglycollate solution was added 
EQmCOnyLelLdga: Lina) iconcenteracvonsor UO. ls (W/V)... AS Soon as was 
possible, the media were inoculated using 48-72 hour tube cultures. 
Depending on what the culture was to be used for, inoculation rates 
VeGleadat romeo tO lo. (V/V) eee noeculum was transferred with sterile 
Pasteur pipettes by expelling it at the bottom of the vessel containing 
the fresh medium. The inoculated cultures were then incubated (usually 
30°) until sufficient growth had occurred as measured by visual 
estimation or optical density increase. 

B. Continuous Culture 

The chemostat used was that of Dawson (1963) which was designed 
for cultivating aerobic organisms. For this reason, certain modifica- 
tions in protocol were necessary to cultivate an anaerobic microorganism. 
Culture volumes were maintained at 2.2 or 2.3 liters rather than 500 ml 
as used by Dawson. This aided in the development and maintenance of an 
anaerobic environment. Nitrogen gas, rather than air, was continuously 
sparged through a ivenoece at a rate of 12 liters/nour. This served 
4 purposes: 

1. a positive pressure was generated within the chemostat 

and helped maintain sterility; 
2. the manometric liquid level control was operated; 
3. reducing conditions in the chemostat chamber were maintained; 


4. metabolic H,S was flushed out of the system to prevent toxic 


2 
concentrations from accumulating (a major problem in batch 
culture systems). 


_ The procedure for inoculating and establishing a culture 


of Isolate #1 in this chemostat was as follows. The pre-sterilized 
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chemostat unit was filled to the required volume with sterile medium. 
Sufficient sterile sodium thioglycollate solution was added to yield a 
Pinakeconcentration »of 0.05% (w/v). Following this chemical poising, 

the medium was inoculated with 50-60 ml of 48 hour culture. The unit 

was then circulated with no influent or effluent flow permitted for a 

24 5hour period. This period-allowed initiation of growth to occur 


with sufficient H,S being generated so the system became self-poising 


2 
with respect to reduction potential. Influent medium could then be 
pumped into the system thus creating a functioning chemostat. ‘The 


chemostat was monitored for contamination by aerobic and anaerobic 
plating before and during experimental runs. 
iV. Analytical Methods 
A. Cellular Analyses 
CEjeCeLeE Fractionation 

The procedure used waS a modification of the Schmidt-Thannhauser 
technique (1945). The method is based on the sensitivity of RNA and 
the resistance of DNA to alkaline hydrolysis. The procedure used is 
summarized as follows: 

One hundred ml volumes of batch- or chemostat - grown culture 
WeLbercentrirtugedsat. 10,000 x Gg, tore ZOeminubces ater. elicree 
pellet(s) was washed 3 times in 10 ml volumes of cola 3) mM phosphate 
buffer, pH 6.5. The pellets were then suspended in 10 ml volumes 
of the same buffer and duplicate 10, 50 and 100 ul volumes were 
removed for protein analyses. The remaining 9.68 ml of cell suspension 
were centrifuged to recover the cells. The pellets were suspended 


PieLUen avolmMmesnot.O .2aNeHClO and centrifuged at) 2/,000 x .g for 


4 


Z0emanuites at 2°C. ThesO052° N) HClO, wash containing the acid-soluble 
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pool extracted from the cells was stored for analysis if labelled- 
uptake studies were involved. The cell pellets were hydrolyzed by 
suspension in 0.3 N NaOH and incubated for 60 minutes at 37°. The 
DNA and protein present in the hydrolyzed samples were precipitated 


byeaddttion of 2.5.ml of pre-chilled 1.2°N HC1LO The suspensions 


4 
were centrifuged for 20 minutes (27,000 x g), and the supernatants 
(6.5 ml) were saved for RNA analyses. The precipitates were washed 


Weeheameaddational 2. 5imlevolume of 22 N HCLO centrifuged, and the 


4! 
supernatant combined with the previous volume to give a total of 
9.0 ml of solution for RNA analyses. The pellets were solubilized 
by the addition of 2.0 ml of 0.2 N NaOH and these volumes were used 
to assay for DNA. Original culture supernatants (100 ml) were 
frozen and stored for lactate and sulfate determinations. 

(ii) Protein 

The washed cell suspension aliquots (10, 50, 100 yl), taken for 
protein analyses were hydrolyzed by the procedure of Herbert, Phipps 
and Strange (1971). The protein contents of hydrolyzed samples were 
determined by the procedure=of Lowry set al. (195) )) with thevexception 
that color development was read at 750 nm rather than at 650 nm. A 
standard curve, using bovine serum albumin, was included in every assay. 

(iii) RNA 

RNA determinations were based on the standard orcinol reaction for 
ribose (Ashwell, 1957). A standard curve using known D(-) ribose 
concentrations was included in every assay. Since this assay only 
detects purine ribose, sample values were multiplied by 2.0 to give an 
estimate of total RNA-ribose. An estimate of total RNA was made by 


multiplying the total ribose content by 2.28 (weight conversion from 
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the sugar to the average nucleotide weight). 

(iv) DNA 

DNA determinations were made using the diphenylamine reaction for 
deoxy-d-ribose (Ashwell, 1957). As with RNA determinations, a standard 
curve using deoxy-d-ribose was included in each assay. Values obtained 
were multiplied by 2.0 to give an estimate of total deoxy-d-ribose in 
the sample. An estimation of total DNA present was made by multiplying 
Lies eOue | deoxy-d-ribose content by 2.44 (conversion.from the sugar to 
the mean nucleotide weight). 

(v) DNA Isolation 

The method of Marmur (1961) was used for DNA extraction with the 
exception that deproteinization was carried out only one additional 
time following T, ribonuclease treatment. This gave a DNA product 
sufficiently pure for buoyant density determinations. Dilutions of 
the preparation were scanned spectrophotometrically to ensure a minimum 
of absorbance at 280 nm, and a reasonably well-defined absorbance at 
260 nm. The amount of extracted DNA was measured using the relationship 
of one absorbance unit at Ad Go being approximately equal to 50 yd/ml 
of DNA. 

(vi) Percent Guanosine and Cytosine 

The purity of DNA prepared from Isolate #1 was analyzed by a 
buoyant density centrifugation procedure in CsCl (Fisher) made up in 
distilled water co a renractive, andex or 123995 (p=) 1.699): When 
accurate buoyant density measurements were required for the calculation 


Om percent G+ C content approximately 4 wg of Escherichia coli B. DNA 


(p = 1.710) was added to 7.9 ug of Desulfovibrio DNA. A sample of this 
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CsC1-DNA solution was centrifuged at 44,000 rpm (25°) in a Beckman 
Model E ultracentrifuge for 22 hours to achieve equilibrium. Photo- 
graphs of the nucleic acid band(s) were taken using UV optics and 
transposed to a traced form using a Beckman Analytrol film densitometer. 
On the basis of the measurements of these tracings and using standard 
formulae, the buoyant density of the Desulfovibrio DNA was determined. 
The wee tee content of the DNA was calculated as described later 
in ;the: text. 

(vii) Lipid Extraction and Methylation 

For these determinations, washed cells were resuspended in 5 ml 
of 0.1 N HCl and mixed until a uniform suspension had been achieved. 
Ten ml of 2:1 (v/v) chloroform-methanol was then added to these 
suspensions and mixed for 2 minutes. The emulsions formed were broken 
by centrifugation and 2 ml of the lower chloroform layers were 
carefully removed and evaporated to dryness under a stream of nitrogen. 
When dry, the samples were dissolved in 2 ml volumes of absolute 


methanol plus 2 drops of concentrated H_SO 


38041 transferred to methylation 


flasks, and refluxed for two hours to achieve complete methylation. 

The flasks were cooled and the contents transferred to small separatory 
funnels. Transfer was completed by rinsing the flasks with 5 ml volumes 
of n-hexane. Three ml volumes of water were then added to each 


separatory funnel and the combined contents thoroughly shaken. The 


hexane (upper) layers were removed. The aqueous phases were re-extracted 


with 5 ml of hexane and the 2 hexane fractions were combined. The 


total hexane sextractswwere washedewithes> mlijvolumes of -KHCG,..(1 M) 


3 


in order to neutralize any residual acids, and then washed with two 


5 ml volumes of distilled water. The hexane volumes were transferred 
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to screw-cap tubes and evaporated to dryness under nitrogen. The 
residues were re-dissolved in 50 pl volumes of methylene chloride and 
dried by adding small amounts of Na,SO,. The samples were then 
analyzed by gas chromatography. 

(vidi) Cytochrome Difference Spectrum 

The method used to analyze the visible light absorption spectrum 
of whole cells was as described by Jones (1971, 1972). Sodium 
dithionite-reducea whole cell suspensions of Isolate No. 1 were blanked 
against oxygen-oxidized cell suspensions and scanned using a Pye Unicam 
(SP-8000) recording spectrophotometer. The scan was continued from 
630 nm to 410 nm and all absorption bands within this region were 
re-scanned at least twice. 

Ce ee eee 

iy oul rate ae 

Sulfate concentrations were determined using a turbidimetric 
procedure. The reagent used was a product of Hach Chemical Co., 
Ames, Iowa, (Sulfa Ver IV Sulfate Reagent) . Samples of media were 
added to 50 ml volumetric flasks to give sulfate concentrations in 
the range 10-100 ug/ml. Flasks were shaken for 3 minutes after adding 
O25 9. Or reagent.» The turbidity of each sample was read in-’avi cm 
cuvette at a wavelength of 540 nm. A standard curve was included in 
each assay using sulfate concentrations of 10, 20, 30, 50 and 100 ug/ml. 

(ii) Lactate 

The procedure described by Neish (1952) was used to determine 
lactate concentrations. This method is based on the conversion of 
lactate to acetaldehyde which is reacted with p-hydroxydiphenyl 
(p-phenylphenol) to yield a blue color. The absorption of the product 


is measured at 570 nm. A standard curve was run for each assay using 
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ERO min Wat Ome a Om OmtOtaletact? GC acacia per reaction, volume. “In 
addition, test samples were initially treated with 25% ZnSO, and 2 g of 


Ca (OH) . + 20% CaSO, to remove any protein and pyruvate which would 


4 
interfere with this procedure. 
eit) Teor Meth tcHmereunmNa ston Oor CULiITte, Subtide™ and 


Totosul tace 


Sulfite, sulfide and thiosulfate in culture media were determined 
by the procedures of Nickless (1968). The hydrogen sulfide sparged 
during chemostat studies was also measured since this constituted a 
portion of the total sulfide produced in the system. The sulfide 
present in the effluent gas was trapped by passage through a Fischer- 
Milligan collection assembly containing 200 ml of 2% (w/v) zinc acetate 
solution. The sulfide recovered as zinc sulfide was determined 
gravimetrically and iodimetrically. 

The iodine solutions used in all titrations were made up to 
approximately 0.04 M concentration. They were standardized indirectly 


advainsc aspuilery standard KCr.© (in> concentrated H 


ORR) aes 
Serge ae S0,) = 


2 
standardization protocol used was as recommended by Neish (1952). The 
iodine remaining after samples of culture had been added was determined 


by titration with O05 O0L2"M thiosultece. 


In ald cases, the actual volume terated consisted er: 


0.04 M iodine solution Syi6h ute 
Glacial acetic acid rout 
Culture sample volume Seon (usualy) 
Distilled water COMLOOT OF mE 


Control titrations were also included where 5 ml of the un- 


inoculated medium was used in place of the 5 ml of culture. 


C.) Isotopes Fractionation. 

Mass spectrometric analyses of sulfur isotope ratios were carried 
out on samples from the chemostat studies. The samples were of 2 
Eypes: 

1. influent media before they were pumped into the chemostat; 

2. effluent media from the chemostat after the cells had been 

removed by centrifugation. 
Samples of sulfate from the influent and effluent media were 


obtained by BaCl, precipitation. The precipitates were recovered by 


2 


: , = See 1S: 
centrifugation and the pellets analyzed for 6/ racskconcent: 


Tne proceduresstor sulfur reduction; sburning | to,SoO and analyses 


pitt 
by mass spectrometry were all based on techniques worked out by Dr. 
Hoh eekroOuse, —bepartment of Physics; University tor Calganys.:oThe 

analyses reported here were carried out in his laboratories, as per 


Keouseeet ale (L967). 


(i) Chemical Reduction of Samples 


Samples of sulfate as Baso, were reduced to HS by placing them 
iipapitsii lt lationvappaKatus.. Forty mi »of sreducing "acid mixture 
(500smL of .concentrated hydricdic acid; 245 ml of S0m@phospieoriceacid 
and 816 ml of concentrated HCl) were added to this apparatus which 
was then heated for 2 hours. The HS By nINGes) Seeks sparged «ino <4 6100 
ml volume of cadmium acetate trapping solution. After trapping as 
CdS, a two-fold excess of 0.1 N silver nitrate was added to convert 
the sulfide to AgS. This mixture was heated for 60 minutes to 
complete precipitation. The AgS precipitate was filtered through 


Whatman filter paper and dried. The samples were scraped from the 


filter paper and mixed with a ten-fold excess by weight of 1:1 Cud:Cu,0. 
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This mixture was packed in quartz glass sections of tubing and the ends 
packed with glass wool. 

(11) “Sample Burning 

Each individual packed tube was placed in a furnace linked-to a 
vacuum rack and burned at 1050° for 30-45 minutes to convert the sulfide 
to SO. . The sO, produced was collected into break seal tubes by 
freezing in alcohol: dry ice and then pentane: dry ice. This enabled 


the CO. to be removed by evacuation, leaving pure SO 


5° 
Cl me vose pec er ometry 
Break seal tubes were sealed onto a vacuum rack connected to 
the mass spectrometer. The mass spectrometer used was a 12-inch, 
90° magnetic analyzer equipped for the simultaneous collection and 
analysis of ion current of masses 64 and 66. The ion currents were 
amplified by vibrating reed electrometers and a solid state amplifier. 
The ratio of the output voltages from the vibrating reed electrometer 
and the amplifier were periodically displayed with a five-figure inte- 
grating digital voltmeter-ratiometer and printed. By using four 
Magnetically-controlled valves, the flow of gas into the mass 
spectrometer could be switched instantly from a standard reference 


sample of SO, to the unknown sample being analyzed. 


2 


In the text, the mass spectrometer analyses are reported as per 


: ee Ae 32 i 
mil deviations of the ~ S/ S ratio of a sample from the standard. 
Sf Boe ; ; 
Ten S/S ratios were printed alternately for the unknown and 
standard, and six sets of these sample~unknown ratios were obtained 
during each run. The mean ratio was calculated for each set and the 


overall ratio of the printed ratios of the unknown and standard were 


calculated on a time-corrected basis. 
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The overall relationship was calculated as follows: 
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32 
S/S standard 


tMCOLcrec ted) oO/O0, — al 


The uncorrected value could be corrected for the oxygen isotope 


Se i 2 18 
effect (mass 64: S- coe oar mass 66: eentes 0) by multiplying 


the 6 value by whatever correction factor applied. 


14 ot : , 
Wg C Radioactive Techniques 


Ar Reaction Vessel 

Radioactive studies were carried out in 250 ml screw-top culture 
tlasks, fitted witha center well which would hold 5 mi of KOH (203%) 
fom trapping. any CO. produced. In addition, a serum-stoppered fitting 
was annealed into the wall of each flask to allow injection of acid 
for culture acidification when total labelled CO., production was 
determined. The usual procedure used was to sterilize media and 
flasks separately. These were cooled and the requisite amount of 
labelled compound was added to the flask. If the lapel was ina 
solvent system, this was volatilized using sterile, filtered nitrogen 
gas. Growth media were then added to the flasks and the center well was 
carefully greased with Vaseline. Five ml of 20% KOH were then 
pipetted into the center well(s). Finally, the flasks were inoculated 
with.culture, sealed, and incubated at 30°C. After ancubation, the 
flasks were normally injected with 10 ml of ,one molar phosphate buffer, 
pH 67 to, lowerwihee pH below mecurtality.. “nest lacskscawere st thenss lowly 
agitated forsa. furtiierm 2 wioure (atl 3/ Otol al Low CO. release and 
absorption by the KOH. The flasks were then opened, the KOH removed 


; 14 
and the cells recovered by centrifugation for macromolecular e 


analyses. 
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fe the case of label red studies sing «C-li dabelled (lactate, major 
14 ‘ 
amounts of CO, ‘were produced. Therefore, in ‘order to ensure maximum 


2 
transrern or CO. into the KOH, duplicate cultures were set up and 
incubated. When the experiment was terminated, one set of flasks 
was acidified with sulfuric acid while the other set was kept for 


cellular analyses. 


Be HabeDled Substrates 


(0) Lactate 
14 a Peni 
€-I-labelted lactate (Specific acbhivity 4.53 mCh/memol;,98% 
radiochemical purity) was purchased as the sodium salt from New 
England Nuclear. 
(Ase) ny caste extract 
Uniformly-labelled yeast protein hydrolysate (specific activity 
0.96 mCi/mg protein) was purchased from ICN Pharmaceuticals, Inc. 
This hydrolysate was used without further treatment. 
Cid) Steariey Agia 
14 . : 
C-l-labelled stearic acid was purchased from Amershain/Searle 
(Specitirc=activity 5G mCi/m mol;) 952) radirochemicals purity) . 
Civg=  Octagecane 
; 14 ee aa 
Mono-terminally C-labelled octadecane (specific activity 21 
mCi/m mol; 99% radiochemical purity) was purchased from Amersham/ 


Searle. 


Cr Scie  la ti onm@eunt img 


14 ; 
The radioactivity in the CO, trapped in the KOH was accomplished 


2 


by spotting 50 ul volumes on uniform pieces of Whatman paper, drying 
under a heat lamp and counting in toluene-based scintillation fluid 
(10 ml/vial). Duplicate samples were counted for 10 minutes using a 


Nuclear Chicago Mark I scintillation counter. Radioactivity was 
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calculated and included a correction for a quench factor obtained by 
counting labelled lactate spotted with and without 50 or 200 ul amounts 
of KOH suspended in the toluene fluid. 

In counting fractionated components obtained from the Schmidt- 
Thannhauser procedure, all perchloric acid washes or extracts were 
neutralized to pH 7 using KOH. The potassium perchlorate was 
removed by centrifugation and sample volumes of up to 200 ul were 
COunteC Ai bray Ss scintillation fluid (10 ml/vaial). -DNA=protein 
pellets from the Schmidt-Thannhauser procedure were resuspended in 
distilled water and 50-100 pl volumes were counted in duplicate in 
Braves —SOpmntil batvonufluid (10 mi/vial) . 

VI. Chromatographic Techniques 

A. Thin. Layer Chromatography 

(i) Lactate 

The purity of the !Geespepseaieel lactate used in the uptake 
studies was checked by chromatography on silica gel G plates. Two 
solvent systems, ethanol-ammonium hydroxide-water (80:4:16) and 
n-butanol-formic acid-water (10:1:5), were employed. The 
chromatograms were developed in ascending fashion at least 10 cm 
beyond the origin. 

(i1)) Stearic Acid 

Both Eee eae Tie stearic acid and cell fractionation products 
containing labelled stearic acid were analyzed by thin layer 
chromatography. Samples were spotted on silica gel G plates and 
were chromatographed in hexane-ether-acetic acid (90:10:1). 

(iii) Octadecane 

Monee ney labelled octadecane and cell fractionation 


products containing labelled octadecane were analyzed using thin layer 
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chromatography. Samples spotted on silica gel G plates were chromato- 
graphed in hexane-ether-acetic acid (9:10:1). 

OanGivatton or Tabeledietrabupion for (1), (41) and (i121) involved 
scraping the thin layer chromatograms in 1 cm portions and counting in 
toluene-based counting fluid. This value was compared to the activity 
present in the original sample. 

Be waquid Chromatography of Crude Petroleum 

The liquid chromatographic fractionation of crude petroleum samples 
extracted from cultures was as described by Jobson et al (1972). 

Oils were n-pentane-extracted from cultures, and also benzene- 
extracted when oil was applied in silica gel. The asphaltenic 
components were removed by passage through celite columns packed in 
pentane. The benzene-soluble asphaltenes and benzene-insoluble asphal- 
tenes were subsequently eluted from the celite column with benzene, and 
1:1 benzene:methanol respectively. De-asphaltened oil was further 
split into group fractions by layering on the top of dual-phase silica 
gel-alumina gel columns in normal pentane. Group fractions were eluted 
in order with n-pentane, benzene, and benzene:methanol (1:1), and 
yielded saturate, aromatic and NSO fractions respectively. By this 
liquid chromatographic procedure, a gravimetric group analysis of a 
petroleum sample before or after bacterial contact could be obtained. 

C. Gas Chromatography 

(LE) Fatty Acid Methyl Esters 

Gas chromatographic separation of fatty acid methyl esters was 
achieved using a 6 ft x 6 mm (I.D.) glass column packed with Chromasorb 
P-AW (100/120 mesh) which had been coated with 15% ethylene glycol 


succinate. A Hewlett Packard 7200 series gas chromatograph fitted with 
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hydrogen flame detectors was used for all analyses under the following 


conditions: 
Injector temperature 2507 
Column temperature 190°C (isothermal) 
Detector temperature Z5UeC 
Carrier gas: (No) 60 ml/min 
H, 39 ml/min 
Air 240 ml/min 


Peak areas were determined using a Hewlett Packard electronic 
integrator. A composite sample of known fatty acids (as methyl esters) 
was run three times to accurately determine retention times and to aid 
in the identification of extracted fatty acid components. The peak’ 
responses from injections of a known amount of methylated heptadecanoic 
acid were used to quantitate the identified fatty acids as per Ettre 
and Kabot (1963). 

(ii) Petroleum Saturates 

Gas chromatographic separation of saturate components was carried 
Cut wusinghasZOl ttex Oll25anch (O.D.) Stainless steel cortumn: packed with 
Chromasorb W(60/80 mesh) coated with 5% OV-101. A Varion 1700 series 
gas chromatograph fitted with hydrogen flame detectors was used under 


the following conditions: 


Injector temperature 2952 
Column temperature 50-300° @ 10°/min (program) 
Detector temperature 3008 
Carrier gas (N.) 25 em /min 
H 25°mnl/ min 


2 


Pies 300 ml/min 
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RESULTS AND DISCUSSION 


Paeely stologiecalin Character tsticssorcansUnidentified, Purified» Sulfate= 


Reducing *Tsolate 


A. Enrichment of the Organism from North Cantal Oil 


Initially, bacterial enrichments were set up using capped 18 x 150 mm 
test tubes as the enrichment chambers. These tubes contained 15 ml of 
Medium #1, two iron nails and quantities of North Cantal oil varying 
from 0.1 to 1.0 ml. The tubes were mixed carefully for approximately 
two minutes and then “incubated at 22° and 30° for periods of up to.36 days. 
None of the tubes showed any blackening of the poising nails which would 
have been considered primary evidence of dissimilatory sulfate reduction. 
It was decided that this experimental design was weak in that the tubes 
were capped but not sealed, therefore allowing atmospheric air-exchange. 
The inclusion of methylene blue in uninoculated enrichment tubes showed 
that after autoclaving, the methylene blue was reduced to within 1 cm of 
the medium surface. The reduction of methylene blue elsewhere in the tube 
waS maintained, presumably by the poising action of the nails. However, 
the top, unreduced region corresponded to the region where the North 
Cantal oil ‘rose tiollowing imitial maxing. § Li was sprobabletthat most, 
if not all, the microbial cells were still associated with the petroleum 
layer. Since this region was aerobic, it was unlikely that continued 
attempts to enrich an anaerobe using this procedure would have been 
successful. 

It was decided, therefore, to switch to a flask enrichment procedure. 


The experimental design used allowed for development of a sealed anaerobic 
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environment, and facilitated constant mixing between the oil, 
microorganisms, and the growth medium. This was achieved by using 
sterile 250 ml screw-top Erlenmeyer flasks filled to within 5-10 ml 
of the total capacity with sterile Medium #1. A 2 om portion of 
sterilized iron wool was placed in the flask along with a sterile 
magnetic stirring bar which would fit into the cap of the Erlenmeyer, 
and finally, 1 ml of North Cantal oil was added. The cap was screwed 
in place and the whole assembly was fixed on a magnetic stirrer in the 
inverted position. (Plate I). When operating, the action of the 
Magnet and iron wool created a vortex action which mixed the oil and 
the growth medium. After approximately 72 hr of incubation, blackening 
of the iron wool and medium took place, indicating the occurrence of 
dissimilatory sulfate reduction. (Plate I, photograph B). This 
enrichment was attempted four times on two different lots of North 
Cantal) oil and positive growth was obtained within 80 hr in all four 
cases. When samples of this enriched culture were transferred in 
Butlin's medium, growth was apparent within 8 hr. Cultures could then 
be routinely transferred and maintained in an actively-growing state 
using the tube culture system. Cultures of this dissimilatory sulfate- 
reducing organism have been maintained for 2 1/2 years by routine 
transferjof culture. to fresh tubes every 3 tous sdays.) initial attempts 
to preserve this culture by lyophilization have so far been 
unsuccessful. 

The North Cantal oil used for the enrichments was obtained from 
the wellhead in Saskatchewan and was taken under aseptic conditions. 
The well was pumped for several days before the samples were taken in 


an attempt to flush contamination away from pumping parts in contact with 
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Plate I 


EXPERIMENTAL DESIGN USED TO ENRICH 


SULFATE REDUCING ORGANISMS FROM NORTH CANTAL PETROLEUM 


A. Inverted flask enrichment apparatus showing mixing action achieved 


under anaerobic conditions. 


Incubation flask volume: 250 mi 
Contents. 240 ml Medium #1 
Incubation temperature: Bis afene li 


Volume of (NOGCEny Cantal so ibe On me. 


B. The inverted flask enrichment apparatus after approximately 80 hours 


incubation, showing evidence of dissimilatory sulfate reduction. 
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the oil. The oil was transferred using steamed hose to new steam- 


sterilized barrels. Samples of this oil were stored either in autoclaved 


ground glass-stoppered bottles, or in sealed sterile storage cans. 
Because of the stringent precautions imposed during sampling, it is 
unlikely the sulfate-reducing isolate resulted from the introduction 
of an incidental contaminant. 

Examination of the culture by phase contrast microscopy showed 
the presence of vigorously motile, vibrio-shaped cells. 

B. Determination of the Purity of Isolate #1 


Cultures of both Desulfovibrio and Desulfotomaculum species are 


weli-known for their tendencies to exist as mixed cultures containing 
Petweacrobre ana facultative Organisms (Butlin et al, 1949). For this 
reason, the newly-enriched culture from North Cantal 011 was carefully 
studied to ensure that, in fact, it was axenic. Further phase contrast 
microscopy, as well as Gram-staining, culture on TYA, plate count, or 
blood agar failed to reveal the presence of any other aerobic or 
facultative organisms. Examination of diluted cultures growing in 
Brewer's agar tubes revealed only the presence of black, uniform, 
colonzes after 96 hoursger 302: 

Examples of electron microscopy of negatively-stained preparations 
of Isolate # 1 are presented in Plates II(a) and II(b). The cells are 
curved and possess a single polar flagellum. They range in size from 
0.26 tm to 0.60 Um in diameter and up to 4:5 wm ain length. Based on 
those observations, Isolate #1 appeared to be axenic. 

C. Buoyant Density Measurements of DNA Extracted prom isolate al. 

DNA was extracted from two cultures of Isolate #1 according to the 


procedure of Marmur (1961). The inoculum for one culture came from 
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Plates Lita) 


ELECTRON MICROGRAPHS OF NEGATIVELY-STAINED 


PREPARATIONS OF ISOLATE #1 


Cells grown in continuous culture at an intermediate dilution 
ayy 3: =a. 
rate fo = "0,095 5ne i) 


Magnification: 1x 26, 200™ (ie) Lume 2 oe) 


Cells grown in continuous culture at an extremely low dilution rate 


Maqgnification:” x 26, 2008(f 6.7, lL) imran, 62cm 
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Plate se (ob) 


ELECTRON MICROGRAPHS OF NEGATIVELY-STAINED 


PREPARATIONS OF ISOLATE #1 


A. Typical vibrio shape seen in cultures grown in maintenance tubes. 


Magnification: x .46;,/50) (ivan, ium — 4G /ecem) 


B. Typical cell association seen in cultures grown in maintenance tubes. 


Magnification; °x 44,850 (ave, \) vin = 4345ecm) 
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maintenance tubes of the organism while the second inoculum came from 
a continuous culture which had been operating for six months. Both 
samples of DNA, with added Eecherichia coli B DNA as a marker (p = 
1.710) were subjected to buoyant density centrifugation in CsCl. 
Densitometer tracings from both runs as well as values for buoyant 
Genetties Of Fhe \twor PNA Vsam les are presented in Figure 1. - The mean 
value for mole percent guanosine plus cytosine (GHC) content of 


Tsolete al was calculated to be 653. 


D. The Relationship of the Percent Guanosine + Cytosine Content 


OF eo be te i ero owns De su OvbT ia SPseies 

Attenpting to classify Isolate #1 according to the scheme proposed 
by Postgate and Campbell (1966) and included in Bergey's Manual (8th 
Cot 1On) §Pprovedyditticule. “The scheme places all Desulfovibrio sp. 
into three groups based OM tnetn vercems GtC content: 46 (71); 55(21), and 
6UIee Using either the formule of dé Lay (1970) or Szybalski (1971), 
Isolate #1, possessing a DNA buoyant density value of 1.7247, has a % 
G+C content of approximately 65(11)%. It would thus appear that Isolate 
f#iemigne beva newespectes of Desulfovibrio Since the established 
grouping varies by only 1%. However, a review of the earlier work by 
Saunders, Postgate, and Campbell (1964) showed that they used the cal- 
culation of Sucoka (lO6]) to establish thei thivecrclasses oT 
Desulfovibrio species. 


The calculations presented in Table I show the three groupings of 


Desulfovibrio sp. as listed in the paper of Saunders vet al (1564), the 


buoyant density values they obtained, and the resulting % GtC content 
they calculated using Sueoka's formula. The % GtC content values are 


also presented for these groups if the formulae of Schildkraut et al 


Figure l 


DENSITOMETER TRACINGS AND BUOYANT DENSITY VALUES 
OF DNA FROM ISOLATE #1 AS DETERMINED BY 


EQUILIBRIUM CENTRIFUGATION 


DNA samples from two preparations of the Des! (ovi1br10 Meo lates were 
centrifuged with an EB. coli (DNA Marker Bie esC Oe 10) GC ae 
at 25° in a Model E ultracentrifuge. Ultraviolet scans of the cells 
were carried out when equilibrium had been achieved. These scans 

were converted to densitometer tracings from which the buoyant density 

of the Desulfovibrio DNA was+ determined by comparison with the marker 

DNA. 

A. Densitometer tracing of an equilibrium run using DNA isolated from 
a maintenance culture of Isolate #1. Calculated buoyant density: 
724s. 

B. Densitometer tracing of an equilibrium run using DNA isolated 


from a culture of Isolate #1 grown in continuous culture for 


approximately 6 months. Calculated buoyant density: 1.7246. 
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(1962) demLay~ (1970), or Szybatski~ (1971) “had been used. The values 
for Isolate #1 are also included under a separate category for 


comparative purposes. 


tt iseeppanent that, isolate wi fits: into, Group - which consists of 
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Deevulgakis,) D- ateicanus; and. D. gigas. Isolate #1 is unlike the latter 


two species in that it only possesses a single polar flagellum and is 


not lophotrichous. It also has been determined that the organism 


produces some transferrable growth on Butlin's medium in the absence of 


sulfate and with pyruvate substituted for lactate (i.e., sulfate-free 
growth on pyruvate). This precludes its classification as a typical 

Susotmorsl Vulgaricsewiee that species doesenot carry out sulfate=- 

free growth. However, it is likely that the isolate is an example of 
Doe vu Garis, subspecies Oxamicus, woich has’ gdentical Characteristics 
to that of D. vulgaris but can also carry out sulfate-free growth on 

DY LUVaLe . 

The data in Table I suggest that all calculations of % G+tC 
eoneents an Desultovibrio sp. or for any bacterial genus: should be 
based on a uniformly accepted formula. It is submitted in this 
thesis that the formula should not be that of Sueoka (1961) for the 
following reasons. ‘This formula gives 4% GtC CcoOntenc for f-acoln 
of 45-46% based on the commonly accepted buoyant density of 1.710; 
whereas chemical analysis has placed the G+tC content at 50%. This 
value is well within the range obtained by using the formulae of 


Schisdkraucm (1962), de lay (29/0); on Saybalskr (19/71). foreover, 


the formula of Sueoka seems to be unquoted in modern literature except 


for the work of Postgate and Campbell. 
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Hoe eirect of Wemperature on the Respiration of isolate 71 


The eighth edition of Bergey's Manual (Buchanan and Williams, 1974) 


States that, to date, the maximum temperature for growth of Desulfovibrio 


species is 44°. In order to compare this observation with Isolate #1 
used in this study, an experiment was carried out whereby respiration 
at seven different temperatures was compared. 
Figure 2 shows graphically the production of sulfide as a function 
of temperature. The production of hydrogen sulfide increased rapidly 
between incubation temperatures of 4° and 20°, and reached a maximum 
between 24° and 37°. The highest incubation temperature at which any 


Signutticant amount Of HS was produced was 42°. 


2 


It is to be realized that this experiment measured only the product 


Smeces reat low a o)eand notegqrowlh (e.9g., protein production) . 


2 
However, Since energy production (respiration) is necessary for growth, 
Wreriga s amis, HS production should have increased as the amount of 
growth by Isolate #1 increased. Hence, the measurement of respiration 
end-product (HS) after a fixed time period should have reflected 


the amount of growth which occurred. 


Be Determine tion lor ene Cytochrome. Dee Enum en cole bauy 


in dissimilatory sulfate-reducing bacteria, cytochrome C, and 
desulfoviridin have been considered characteristic pigments of the non- 
Ssporulatang Desuliovibrio species (Posecate,, 1956). “Characteristrecally, 
difference spectra should contain predominant peaks in the 550-553 nm, 
523-524 nm, and 420-422 nm regions if a C-type cytochrome is present. 
A spectrum, as shown in Figure 3, was obtained for Isolate #1 and 


appedlL Seto. Deathat typically found) in Desulfovibrio species containing 


aee=tyoe Cyecocivome with a, 8, yeabsorption maxima at 552, 522, and 422 nm 
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Figure 2 


HYDROGEN SULFIDE PRODUCTION OF ISOLATE #1 
AS A FUNCTION OF INCUBATION TEMPERATURE 


Incubations were carried out in 15 ml volumes of Medium #5 in sealed 
Hungate tubes. Each tube received 2 ml of unwashed inoculum. Seven 
incubation temperatures were tested using duplicate incubation mixtures. 
Total incubation time was 14 days for all temperatures. Hydrogen sulfide 
produced was precipitated by the injection of 2 ml volumes of 2% zinc 
acetate, followed by vigorous shaking for 2 min) The zinc sul tide 

from each tube was centrifuged and the pellets thus obtained were 


subjected to iodimetry as per Materials and Methods. 
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Incubation Temp 


Figure 3 


REDUCED MINUS OXIDIZED DIFFERENCE SPECTRUM 


OF A WHOLE, CELL PREPARATION OF ISOLATE #1 


The overall procedure was as described by Jones (1972). 


ree 


respectively (422 nm corresponds to the Soret region). Apparently the 
absorption band found at 615 nm represents either a a peak of another 
cytochrome or of desulfoviridin. 

Whole cell preparations of Isolate #1 in 0.2 N NaOH gave a very 
strong red fluorescence when excited with light at approximately 365 
nm. This is indicative of the presence of desulfoviridin. 

G.---tudiesConcerning.~the Response. of t-Isolate.#lL to Alternate 


ee ee es 
This study was undertaken to determine the ability of Isolate #1 
to use substrates other than lactate. Medium #1 was the basal medium 
employed in the study with alternative electron donors replacing lactate 
Cova Lineal concentration of 10 mM. In order to ensure that growth 
actualiy took place, cultures cn each electron donor were transferred 
five times at five-day intervals prior to the determination of amount 
of sulfide produced as a function of carbon source. After incubation of 
the fifth set of tubes for 5 days and the fourth sét a total of 10 days, 
sulfide levels were determined iodimetrically. The presence of sulfide 
concentrations Significantly higher than that in the’ basal medium ‘control 
(Medium #1 - lactate) were deemed positive in terms of electron donor 
utilization and growth. Growth was inferred, since the ability to show 
Significant sulfate reduction in five transfers indicated that the cells 
overcame five ten-fold dilutions and still reduced significant amounts 
of sulfate. The alternate electron donors which yielded either increased 
or Similar levels of HS to. the basal control vane .bisted. tin, Table ih. 
As in the study by MacPherson and Miller (1963), the presence of 


lactate as the primary electron donor resulted in the greatest production 


of HS. When used as the only electron donor and carbon source (Basal 


UZ 


: Na 77 —~ 
sikicot wh: 122 peop bomtood, yeaa, (nguteal +: 


TABLE IIT. SUMMARY OF AMOUNTS OF HS PRODUCED AS A FUNCTION OF ALTERNATE 


ELECTRON DONOR USED AFTER 5- AND 10-DAY INCUBATION PERIODS 


Micromoles of 
H.S Produced/Culture 


Be ee Ny be glee 
5 Days 10 Days 
Medium Incubation Incubation 

Basal + lactate 40.4 54.6 
Basal + n-propanol S224 43.2 
Basal + ethanol 25.0 30.0 
Basal + oxaloacetate EIA soe. 
Basal + pyruvate nee ey! 274.5 
**Basal + lactate (minus) yeast extract 2250 24.9 
Basal + citrate Oe ea 
Basal + malate a: LEGG 
Basalet n=butanol oe 10.4 
*Basal 7.4 fe 
Basal + stearic acid 4.6 his 
Basal + acetate 8.8 (eel 
Basal + asparagine Tie es 
Basal + asparatate 4.6 reel 
Basal. + palmiticracid 4.6 ol. 


Basal Medium = Medium No. 1 minus lactate 


*THiS served as the overall “test control. Ald ~electron-donor candidates 
listed after this control gave similar or lower HS production values. 


**This medium, and the H,.S production which occurred, indicates that yeast 
extract is not required, but is stimulatory, for the growth of this 
organism. 
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minus yeast extract), lactate yielded about 50% of the levels of HS 

that were detected in the presence of yeast extract (Basal). Because 
this isolate grew successfully through five transfers with lactate as 

the only electron donor and carbon substrate, it is obvious that it had 
no obligatory requirement for yeast extract. However, it is equally 
evident that factors within yeast extract were stimulatory to respiration 
and perhaps growth itself. 

Table II clearly demonstrates that Isolate #1, like previously- 
described Desulfovibrio sp “,can only make use, of vairelatively) small 
variety of alternate electron donors. Propanol, ethanol, oxaloacetate, 
pyruvate, citrate, malate, and butanol were the only compounds tested 
which demonstrated any ability to replace lactate as an electron donor. 
All other compounds listed in Table II yielded responses not significantly 
different from growth on the basal medium itself. 

Three amino acids (glutamate, alamine, glycine), three TCA inter- 
mediates a-keto glutarate, fumarate, Succinate), two volatile fatty 
acias (propionic, butyric) 7 “glyéerol, “and six sugars (sucrose; galactose, 
lactose, maltose, glucose, fructose) were also tested as alternate electron 
GOneusS ww Liwalls 1S qnowen trials, HS production was completely absent 
after the fifth transfer. Since even basal levels of growth were not 
achieved in the presence of these compounds, it must be concluded that 
they arGcinhabitory totisolates#l. § thetmechanitemsmby, which these five 


classes of compounds inhibited HS production, and therefore growth, 


2 
have not been further investigated. 
It can be concluded from this study that Isolate #1 makes better 


use of simple reduced compounds as electron donors, than it does pre- 


formed amino acids, TCA-intermediates, or sugars. This is good evidence 
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that in nature, the organism could grow by scavenging simple metabolic 
end-products from aerobic and fermenting organisms. 

H. (Attempts to Extract Natural Alkanes from Isolate #1 

Alkanes have been reported in extracts of algae and from bacteria 
such as Vibrio ponticus growing on a lactate + salts medium (Meinshien, 
1969). Since, aS mentioned-in the Literature Review, sulfate-reducers 
have been implicated as active organisms in the process of petroleum 
genesis, an attempt was made to determine whether Isolate #1 accumulated 
alkane material during normal metabolism. Cells were grown on both 
Medium #3 and Medium #4 bOmeiosiOugsucat s30 4, satterm which they 
were harvested and analyzed for the presence of alkane or naphthenic 
materials. As none were found, it is likely that under these 
conditions, this isolate does not synthesize significant amounts of 
hydrocarbon. 

iach Ac OO ompostivon,or the Tapid Componentsor Isolate #1 

A review of the literature on the physiology and composition of a 
Sener li zed besultovibriovcel lireveals that there ic autack of ianforma= 
ELON Concerning the tatty acid composition of such ascelle. Thus 
knowledge could be of use in understanding the metabolism of this 
important group of microorganisms and could eventually aid in their 
numerical taxonomy. 

A study of the effect of age and growth medium on the fatty acid 
composition of cells of Isolate #1 was undertaken using batch culture. 
Cultures were grown on Medium #3 (yeast extract 1.0 g/l, sodium lactate 
Ae5 mi/lL, Na S0,.4.0.9/l), and on Medium #4. (yeast extract, 3 g/l, 


an: A 


SOdlumeLactare, was mil / 17 Na,SO, 4g/1). Cells were harvested by 


centrifugation after 1,2,4, and 7 days growth, and analyzed for protein 
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and fatty acid concentration. 

The cell protein concentrations obtained in both media, as a 
function of time, are presented in Table III. Although the growth 
rate appeared to be slowér on Medium #3 than on Medium #4, a slightly 
higher cell yield was obtained on the latter medium. 

The concentrations of identified fatty acids extracted from cells 
of Isolate #1 grown on Medium #3 are shown in Table IV. The most 
abundant fatty acids present in the cellular lipid components after 
7 days growth were hexadecanoic and octadecanoic acids. The concen- 
tration of tetradecanoic and the unsaturated cis-9-hexadecenoic and 
cis-9-octadecenoic acids comprised less than one-fifth of the total 
identified fatty acids. After 7 days growth the 5 known fatty acids 
were present in excess of 1% by weight of the protein content of the 
cells. If one assumes that the protein constitutes approximately 50% 
of the cell weight, then these fatty acids made up slightly more than 
O25s Of the total cell-weight. 

Table V lists 7 unidentified components, as a function of GLC 
retention time, from cells of Isolate #1 grown on Medium #3. These 
components were methylated and resolved on an EGS column. The 
retention times of known fatty acids have been included for comparative 
purposes. 

Table VI shows the quantitative analysis of 5 known fatty acids 
extracted from the cell pellets of the culture grown on Medium #4. 
Again, as was the case with growth on Medium #3, hexadecanoic and 
octadecanoic acids were the most abundant fatty acids extracted. 
However, in this case, Medium #4 (containing a higher yeast extract 


concentration) stimulated a proportionally higher production of 
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TABLES «ia 


CELL PROTEIN CONCENTRATIONS DURING GROWTH ON MEDIUM 
#3 AND #4 
Micrograms Cell Protein/ml 
Incubation Medium #3 Medium #4 
0 Gee G22 
A Biotas: 47.0 
2 5720 63.5 
4 otion ss 67.0 
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TABLE LV. CONCENTRATIONS OF (FIVE LDENTIFLED FATTY ACIDS EXTRACTED 
FROM CULTURES OF ISOLATE #1 GROWN ON MEDIUM #3 AS A 


FUNCTION OF CULTURE AGE 


ngsofefattyvacid/ig-of-cell protein 


Fatty Acid Day l Day 2 Day 4 Day 7 
Tetradecanoic acid (C-14) Cro On24 On ez 0.84 
Hexadecanoic acid (C-16) Ze16 2.44 3.08 Are) 


CIS-9-hexacecenoic acid 
(C-16:1) O40 0.60 O44 (ore) 


Octadecanoic acid (C-18) Deo nS yO? 335 BO) 5201 


CIS-9-octadGecenoic acid 
(C-18:1) 0.88 De 34 0.30 0.80 


DOcCa Leno tatlly wacid/ ig 
protein 6.23 6.54 8.54 Lis96 
(Oso) (0.65) (05.85) (1.19) 


Note: Values in brackets are the total concentrations of the five 
identified fatty acids expressed as a weight percentage of 
the cellular protein. 


Cultures of Isolate #1 were grown in one liter storage bottles on 
Media #3 and #4. On days jl, 2, 4, and. 7/7, 200 mi volumes of cells 
were harvested by centrifugation, washed 4 times in 3 mM phosphate 
buffer (pH 6.5) and finally suspended in O.1°N HCL. “these 
preparations were extracted, the extracts methylated, and analyzed 


as described in Materials and Methods. 


TABLE V. UNIDENTIFIED LIPID COMPONENTS EXTRACTED FROM ISOLATE #1 


GROWN ON MEDIUM #3 AS A FUNCTION OF CULTURE AGE 


Retention Time (min) 


6.20 (C1a)* 


776). 
g.20 (15) 
rere ee ag 
Iepddataleld) 
14.46 

iA 

17.47 

19.07 

eet ero) 
24.50 (°18:1)* 
27.60 

40.14 


Total number of unknown components: 


Day l 


LOG: 
100. 


; 2 
Relative Percentage 


Day 2 Day 4 Day 7 
S6n 4 40.5 100 
48.6 42.6 100. 
47.8 74.9 Ten 
1S.9 3034 Lone 
LTE 0.0 Q..0 
100 O50 OO 
100 Oe) O20 
e 


The retention times of the known fatty acids are included for 


reference points. 


The percentage values given in the table result from giving the 
highest integrated value of each component the ranking of 100%. 
All other values of the respective components are then expressed 
as a percentage of the highest ranking value. 
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PARDEE Viz CONCENTRATIONS OF FIVE IDENTIFIED FATTY ACIDS EXTRACTED 
FROM CULTURES OF*ISOLATE #1 GROWN ON MEDIUM #4 AS A 


FUNCTION OF CULTURE AGE 


ng Of fatty acid/ig-of cer! protein 


Patty Acid. Day 1 HES eee Ue Ways lee emmy of 8 
Tetradecanoic acid (C-14) O-0 0.90 0.60 0.40 
Hexadecanoic acid (C-16) 50 4.80 9.40 6.90 


CIS-9--hexadecenoic acid 
(C-16:1) OMe Sui 1.60 See) 0.90 


Octadecanoic acid (C-18) 0.40 1 7 Se’) 3.0 


CIS-9-octadecenoic acid 


(C=18-1) On20 6 720 2-00 Oe) 
Hotaling fatty acid/ ig 2.60 S76 NICRLE 13.5 
DeoOcern : 
(0.26) (0.97) (1.90) (235) 


NOTE: Vaiues in brackets are the total concentrations of the five 
identified fatty acids expressed as a weight percentage of 


the cellular protein. 
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hexadecanoic acid. . This was not due to significant absorption of fatty 
acids from the growth medium, since control extractions of both Medium #3 
and Medium #4 yielded very low concentrations of fatty acids. 

Table VII lists 5 unidentified components extracted from the 
culture grown on Medium #4 as a function of culture age. In this 
case, the unknown components were fewer in number, but all achieved 
their maximum concentration after 4 days of culture incubation. 

Since, as mentioned previously, extraction of both growth media 
revealed very little pre-formed lipid being available to the growing 
cultures, most of the identified and unidentified lipids were 
SyoulesiZeosie Novo byscellicler Isolate fi. It is also-apparent, 
that the growth medium and length of incubation period strongly 
influenced the-.variety and amounts of lipid components synthesized. 

The reasons why yeast extract stimulated higher production rates of 
fatty acids was not investigated. 


Peer reecrs Ob) Levels of Blectron, Donor and Electron Acceptor on the 


Growth and MecabolusmrOne Solace 7k Grown in Continuous Culture 


Gl asCOnstant Dae itealor Rate 


Continuous culture techniques were used in order to obtain data 
from exponentially~-growing cells. The study of metabolism using cells 
produced by batch culture techniques is. limited by the fact that the 
environmént, and thus growth rate, is continually changing... The use of 
the Dawson-Type of chemostat, since it relies on a manometric system to 
control liquid levels and reguires continuous sparging with a gas, 
resulted in a continuous removal of HOS. This prevented the development 
of toxic levels of this product of metabolism, which is a major 


problem in the growth of these bacteria under batch culture techniques. 
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TABLE VII. UNIDENTIFIED LIPID COMPONENTS EXTRACTED FROM ISOLATE #1 


GROWN ON MEDIUM #4 AS A FUNCTION OF CULTURE AGE 


Relative Percentage 


Retention Time (min) Day l Day 2 Day 4 Dayo 
6.20 (14s = = - Es 
Tew 10.6 bw 100 O12 
6.20) ( 15) “ : 2 : 
LOu30 0.0 G4 aes LOO. 40.0 


14.46 Nasco 65,8 100. 7 o:5 
om. evn) owe» 100 SHG ese 
Lita] Se 4759 100 S78 
Total number of unknown components: 5 


1. The retention times of the known fatty acids are included for 
reference points. 


2. The percentage values given in the table result from giving the 
highest integrated value of each component the ranking of 100%. 
All other values of the respective components are then expressed 
as a percentage of the highest ranking value. 
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The data obtained from chemostat studies more accurately reflected the 
role of lactate, sulfate, and yeast extract in the metabolism of this 
isolate. 

The cellular responses of Isolate #1 grown on a series of media 
(Media No. 1 to 5) of varying sulfate, lactate, and yeast extract 
concentrations were compared in these experiments. The growth rate was 
maintained at 0.66 ee: and culture pH values remained at 8.2-8.4 
throughout the experimental series. 


A. Consumption of Available Lactate and Sulfate by Isolate #1 as 


a FPunceion Of Iniluent Medium 

Table VIII summarizes the influent and effluent concentrations of 
Hactate and sulfate as a function of medium composition. It is evident 
That 17 three (No. 1, 4, 5) of the five media tested, the primary 
electron donor (lactate) was growth-limiting; whereas the consumption 
rates for sulfate never exceeded 57% of that present. The tripling 
of the lactate concentration in Medium No. 2 and 3 resulted in 
Significant residual levels of lactate and suifate, although increased 
tevels jor sutilazation were noted? Further utilization of lactate 
was not stimulated by doubling the sulfate concentration (Medium #3); 
therefore, neither lactate nor sulfate were limiting growth in Media 
No. 2.0or 3. The :role of yeast extract in the medium and its influence 
on dissimilatory sulfate reduction and lactate utilization is indicated 
by comparing the results obtained with Media No. 1, 4, and 5. Full 
Ulilizattonsof high) concentrations of lactate: only occurred where 
increased teens of yeast extract were present. Thus, although lactate 
appeared most often to be the growth-limiting nutrient, a certain ratio 


of yeast extract to lactate is required for maximum lactate utilization. 


a as vere : 


TABLE VIII. CONSUMPTION OF LACTATE AND SULFATE AS A FUNCTION OF 


INFLUENT MEDIUM COMPOSITION 


Ratio 
Medium Lactate: Yeast eee Get % Lactate Used e Sulfate Used 
Hs 1 1 a 99.4 Ben. 
2 3 i 1 Sn) Spear 
S 3 i 2 ape) Sle 
4 i 3 2 O85 217.5 
a 5 3 2 o3.6 Baye ee. 


Ratios refer to the concentrations of lactate, yeast extract, and 
sulfate used, relative to those concentrations used in Medium #1, 
ion, Lactate. (GOSssyrup) +) S125 oml/ 1 

yeast extract: i Gel 


Na,SO, : 2 a7 
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These results suggest that yeast extract concentrations were limiting 
growth in Media #'s 2 and 3. 

Bee Production oflCellular Constituents 

The RNA, DNA and protein contents of the cells produced on the 
five media are presented in Table IX. Since protein concentrations never 
exceeded 134 ug/ml, it is obvious that cell concentrations were never 
very high as compared with other cell systems grown in continuous 


culture under aerobic conditions (e.g., Salmonella typhimurium: 


Uz ol. Long dry weight of cells/ml of continuous culture; Kjéldgaard, 
1967). However, the five media used did support differing levels of 


eell production. 


The results for RNA, DNA, and protein are best compared with the 
basal levels achieved using Medium #1. The use of Medium #2, 
containing three times the lactate concentration, did not cause a 
doubling of protein production but did roughly double the levels of 
RNA and DNA. Medium #3, containing enhanced sulfate levels and lactate 
equivalent to Medium #2, did not stimulate higher levels of RNA, DNA, or 
protein production, indicating that sulfate certainly was not limiting 
growth in Medium #2. This would again suggest that a maximal response 
was not achieved due to yeast factor(s) becoming limiting. The use 
of Medium #4 clearly demonstrated that tripling yeast extract, while 
leaving lactate at basal levels, did not give nearly the response seen 
when lactate levels were tripled. This indicates that while yeast 
exe cece scatmcaulse@riclcdses sini neseriiciency Of utilization of the 
lactate present (resulting in 69 wg of cellular protein/ml as opposed 


to 54 ug/ml from Medium #1), it cannot replace lactate as a primary 
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TABLE IX. PRODUCTION OF CELLULAR CONSTITUENTS AS A FUNCTION OF THE 


COMPOSITION OF THE INFLUENT MEDIUM 


Pecioe ug/ml] 
ee eee er eens 5 
Medium Lactate: Yeast Extract:Sulfate Protein RNA DNA 
db il iL 1 SAn0 Syn Ae 3560 
a 3 i 1 Sil. Li fs 7.00 
3 3 it 2 BO & oS 8.00 
4 IL 3 2 69.2 S80 Syn dE) 
5 3 3 2 SAO) WF ok 9 0C 


Ratios refer to the concentrations of lactate, yeast extract, and 
sulfate used relative to those concentrations used in Medium #1, 
eel actate. (602esyrup) 5 1.5 mi /m 

Yeast extract: a g/1 

Na SO": 2 G/L 
“acts of ug RNA/ml obtained by multiplying ug Ribose x 2.28. 


ee cmere of ug DNA/ml obtained by multiplying ug Deoxyribose x 2.44. 
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Source Of Carbon.) This result again argues Strongly for the role of 
lactate in this system as being the primary source of electrons and 
carbon. The triple lactate and yeast extract in Medium #5, as compared 
to the basal Medium #1, did not quite cause a tripling of either 
protein or DNA levels, but did allow RNA levels to triple. This 
errectralso, applied to total isulfate and lactate consumption (Table 
VIII). These results suggest that substrate concentrations (i.e., 
Hactate t+ yeast extract) are the growth limiting factors in this media 
design. 

Table X lists the cellular RNA:DNA ratios measured during the 
growth of Isolate #1 on the five media. These ratios, with one 
exception, remained within the range of 1.5~-1.6. Although it was 
evident that control of nucleic acid synthesis and metabolism did exist 
under these circumstances, the RNA:DNA ratios indicate that the isolate 
contained DNA in amounts which were inordinantly high when compared to 
TeveleQOLenNe = Norma lypnAsDNAaeaciosiin BE. coli lie in the region of 
10:1 (Kjeldgaard, 1967). This means that RNA turnover rates are very 
rapid in@isolate #1, or that cells retain large amounts of genome 
under most given growth situations. No attempts were made to determine 
the average number of genomes present in these cells. The protein:RNA 
and protein:DNA ratios did not exhibit any significant trends as a 
function of the growth medium used by the organism. 

Viable counts obtained during growth of Isolate #1 on the five 
media are listed in Table XI. These results, when compared with data 
shown in Table IX, show some disturbing inconsistencies. For instance, 
in shifting from Medium #1 to #2, cellular protein concentrations 


increased some 50% while viable counts/ml showed no change. Use of 
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TABLE X. PROTEIN:NUCLEIC ACID RATIOS AS A FUNCTION OF THE 


COMPOSITION OF THE INFLUENT MEDIUM 


Ratios ete tol Protein PrOteii RNA 

Medium Lheactate: Yeast (ixtrectssultate DNA RNA DNA 
L i 1 A Ns a0. De peo 

2 3 ui L LES Sens! LS 

3 3 dp ) LO. 1 CG. Nhe G; 

4 1 is 2 bo eR 8.0 Ab AME: 

%) 3 B 2 14.8 #28 ig) 


i a 


Ratios refer to the concentrations of lactate, yeast extract, and 
sulfate used, relative to those concentrations used in Medium #1, 
ieee pplactaten (60% syrup): 2055 mi/1 

yeast extract: 1 g/l 


Na,SO,: 2 a/l 
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Medium #3 did not cause any increase in cellular protein concentration, 
but did yield an apparent 42% increase in viable counts. Medium #4 
caused viable counts to fall apparently to the basal level achieved 

using Medium #1 while the protein Be eenteati on remained 27% above basal 
levels. Finally, use of Medium #5, compared to Medium #1, yielded a 150% 
increase in protein production and an apparent 300% increase in viable 
Counts. “Tillis, «or instance, Should lead to a net decrease in cell size; 
yet a cursory examination of Table XII and Figure 4 indicates from cell 
measurements that Medium #3 actually produced slightly larger cells 

Ween compared with Méedia-No. 1,035 and 4.))This is taken as an indication 
ioe viable count studies with this organism reveal only gross population 
changes; such studies are prone to errors from cells adhering and 
manifesting themselves as single colonies. Figure 4 also shows a great 
Similarity in cell size distribution within populations grown on 

Media No. 1, 3, and 4. To some extent, the sizing of cells by phase 
contrast microscopy may also lead to error, especially in the case of 
measuring cells over 3 um in length, where the length is actually made 

up of two or more cells ape tin end-to-end. However, E.M. studies 
(Plate 2(a)B) revealed examples of long cells showing three or more 
half-cycles and no evidence of cross wall formation, indicating that 


they were in fact single viable units. 


These results demonstrate that growth of this Desulfovibrio 
isolate is best followed by assaying cellular constituents rather than 
carrying out viable count studies. 

C. {Growth Yield Calculations 

The literature concerning molar growth yields of Desulfovibrio sp. 


was reviewed in the Literature Survey, as were the problems inherent 
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TABLE XII. SUMMARY OF CELLULAR LENGTH (ym) AND HALF-CYCLE 
DISTRIBULION SAS AS EUNCTION OF “THE COMPOSTTION OF THE 


INFLUENT GROWTH MEDIUM 


Percent of Total 


Guia oe REG) cee gee En 
Length 1/2 cycles al +3 #4 #5 
1 An 1 Le ten BUA ras) 
IG boat 5374 Z4.9 
1.8 um 1 Tie We 15.4 4.9 
2 nas 1.1 4.4 ees 
Sones ee vigils ans 
2.4 um 1 eee Ou 6.9 8.8 
3 epec 24.0 21.8 1204 
3 0.0 hee 0.0 uel 
wai as al $98.7 T2280 
3-0 ym } 9.2 0.0 Ons may 
2 1605 Tee ene 107 
3 Sas Cea. Cas B05 
ye pae role $25.3 
cedomatn 2 8.8 rela 1206 BES 
3 629 VOR 6.0 13.8 
Bae Cee 518.9 leh 
4.2 ym 2 TG iLaal 2.0 haat 
3 oo 4.4 4.0 12.1 
A Oe 0.0 0.0 O25 
om Tens Howe yoke ay) 
4.8 ym 3 lec M6 100 Om 
4 0.0 iG 0.0 4.9 
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Figure 4 


SIZE DISTRIBUTION OF VIABLE CEELs 


AS A FUNCTION OF GROWTH MEDIUM 


All plotted points are the summed values for each measured length 


obtained from Table xii. 


| ond 
II 


Cells grown on Medium #1 
3 = Cells grown on Medium #3 


4 = Cells grown on Medium 74 


(n 
HH 


Cells grown on Medium #5 


1.8 


CREA Nae ae ah 
24 3.0 


Length (rim) 
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in such calculations. Some of the data obtained in this study were 
re-calculated to give yield values, and are presented in Table XIII. 


The Obvious conclusion reached as a result of such calculations is 


that a rough stoichiometry of 2:1 should exist between molar quantitites 


of lactate and sulfate utilized. For the most part, the data shown in 
Table XIII agree with this conclusion, although use of excess lactate 
versus basal sulfate and yeast extract (Media No. 2 and 3) gave 
evidence of primary electron donor wastage (ratios of 2.5:1 and 2.2:1 
respectively). Another interesting observation can be drawn from the 


Columiror values. If one accepts the statement of Senez 
(lactate) 


(1962) that Desulfovibrio sp. generate 1 mole of ATP (net)/mole of 


lactate utilized, this column could be re-titled Y with respect to 


(ATP) 


protein. If one also assumes that these.cells maintain about .50% 
by weight of cellular protein, doubling of the values shown should give 


hypothetical values with» respect*to dry cell=weight. These 


Y (arp) 


Values vary from &.0 to 11.8. Senez quotes a value of approximately 


PuMiOMeLnes Cane lu Strain ore Desulfovibrio. Based on, the rough caicula-— 


tions from Gata an VYable XIII, at would Sseem that such a Y arp) value 


might be reasonable under these growth conditions. 


ID, IPreterelivicrenxeva Ob-Reduced sulfur IchESrenlereLences) sels al WCkelere wenn ie 


the Composition Of Stic Imuclweine Ereoyinela Medium 


The data in Table XIV show the amounts of sulfide (solution and 
sparged), thiosulfate, and sulfite found in effluents produced during 
growth studies on the five media. As was expected, sulfide was the 
Wajor product of sulfate reduction. Hts also apparent; that from 
40% to 50% of the sulfide remained in solution even with continuous 


Sparging of nitrogen gas. The reason for this is that at a pH of 
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8.2-8.4, only about 3% of the sulfide is present as HS. (see Figure 5). 


2 
Thus, even with constant sparging, the reaction rate of the conversion 
of ionized sulfide to HS is too slow to free the system of sulfide. 
This is an important factor in maintaining a reduced environment in 

the chemostat while minimizing the concentration of this toxic 
metabolite. Maximum total production of sulfide occurred during the 

use of Medium #5. 

Thiosulfate ion was the most abundant intermediate of sulfur found 
SUecOLULLOnNai<ang cLowcm on Media NO. 2, 3, 4, and 5. ‘That: thiosulfate 
should accumulate is not unexpected, since it apparently is the last 
intermediate in the dissimilatory route. Moreover, it should be more 
abundant than sulfite since sulfite is the product of an endergonic 
Berivat:On-1eduction which would not occur unbess sulfite was in fact 
Aeedcd as a subsequent electron acceptor. As well, Aceves 1s 
apparently constantly re-cycled within the dissimilatory route, again 
indicating that it is a transitory intermediate in,the reduction 
pathway. 

No thiosulfate or sulfite could be detected in effluents of 
Medium #l. This most likely was due to the fact that they were in such 
low concentrations that they would not have been detected by the 
iodimetry procedures employed. Table XV shows the recoveries of the 
total influent sulfate-sulfur along with the total per hour production 
of sulfide end-product and sulfur intermediates. Between 80 and 100 
percent of the total influent sulfur could be accounted for, depending 


on which of the five growth media were being used. The lowest recovery 


of sulfur occurred during the use of Medium #2 (rich in electron donor 
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Figure 5 


FORMS OF SOLUBLE SULFIDES IN AQUEOUS SOLUTION 


AS A FUNCTION OF pH 


Equations for derivation cf curves: 
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with only basal levels of sulfate and yeast extract). Sulfur was 
completely accounted for when Medium #4 (rich in yeast extract and 
deficient in lactate) was employed in the chemostat. It is highly 
unlikely that the assays for sulfate and reduced intermediates were 
giving inconsistent results, since it was possible to recover all of 
the intermediates when artificially added to culture media. It is 
more likely that under certain conditions (e.g., the use of 
Medium #2) either a very truncated route of dissimilatory sulfate 
reduction was occurring, giving more intermediates of sulfur than 
have classically been reported, or that significant levels of 
trithionate were accumulating. On the basis of ATP conservation, one 
would tend to favor the pushing of dissimilatory sulfate reduction to 
completion, since this would allow the maximum acceptance of electrons 
with the minimum requirements for activation of sulfate which costs the 
equivalent of 2 ATPs/sulfate molecule. On this basis, the formation 
of many reduced sulfur intermediates would be energetically wasteful. 
Table XV reveals that all sulfur was accounted for during the use 
of Medium 74 which was deficient in lactate but abundant in yeast 
extract. It is tempting to speculate that the presence of factor(s) 
from yeast extract pushed the process of dissimilatory sulfate reduction 
toward completion. Thus, most of the sulfur would appear as either 
sulfide, sulfite, thiosulfate, or unused sulfate. The amount of 
trithionate present would in all likelihood, be sufficiently small 
_to be within the experimental error range of the other determinations. 
Therefore, the data from Table XV suggest, but do not necessarily prove, 
that factor(s) from yeast extract help to drive sulfate reduction to 


completion. This could also be caused indirectly by the factor(s) 
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from the yeast extract stimulating overall cell growth, therefore 
increasing the energy requirements of the cells. 
: 34 : ; : ; 
Eee VDetection of SEEN pr ehmentaineResidualysulface as a Function of 
Influent Growth Medium Composition 
Ez 34 om : 

A summary of the 6 S values of the influent and effluent sulfate- 
sulfur from the various media used are presented in Table XVI. It is 
clear from the table that only three media stimulated any significant 

: ‘ 342; 
levels of fractionation as reflected by enrichment of vide the 
effluent sulfate-sulfur. In all three cases, sulfate was present at 
twee the basal concentration. In addition, growth on Media No: 2 or 3 
produced about the same amount of sparged HS and the effluent sulfate 
; 34 
from these two runs gave almost identical 6 S values. Growth under 
conditions of Medium #5 gave approximately double the amount of sparged 
HS (in comparison with the previous two media) and in fact, the 
; , 34 
effluent sulfate-sulfur experienced a doubling of its 6 S value. 
Thus, it would seem that the degree of fractionation varied directly 
with the amount of dissimilatory sulfate reduction. In the case of 
growing on single strength Butlins or on Medium #2, no significant 
fractionation occurred, judging from the 6 S value of the effluent 
sulfate-sulfur. .Both of these growing conditions were not deficient 
in sulfate since the effluent sulfate concentrations were significant 
’ eal 
in both-cases. At the dilution rate (0.06 hr ) used throughout 
this series of experiments, it would seem that only under conditions of 
increased lactate, sulfate, and yeast extract does any reasonable level 
of sulfur fractionation occur. The overall results suggest that all 


three substrates are important with respect to fractionation, and that 


the sole dependence of fractionation on large starting concentrations 
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34 
TABLE XVI. 6 S VALUES OF INFLUENT AND EFFLUENT SULFATE-SULFUR AS A 


FUNCTION OF THE GROWTH MEDIUM COMPOSITION 


is” Sets Influent eat Effluent 
Medium Lactate:Yeast Extract:Sulfate sarerescaiirme ee IG 
ul al 1 2 OS +0°.06 
2 3 i 1. +0206 -~0.04 
3 3 1 Z +0205 tee) 
4 ee 3 2. =). 03 P2200 
5 3 3 2 +0210 +4.10 


Ratios refer to the concentrations of lactate, yeast extract, and 
sulfate used, relative to those concentrations used in Medium #1, 
Cede welactate (60s Ssyvupj-w leo -ml/ i 
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of sulfate would not seem to be the case in this study. 


Although sparged H.S was trapped as ZnS and samples were subjected 


2 

to mass spectrometric analyses, the results were not included in 

Table XVI. This is due to the fact that in the time between trapping 

and eventual analysis, some auto-oxidation to other sulfur species 

had: occurred. Although re-precipitation of the sulfate as BaSO, was 

carried out, other species were still probably present. The analyses 
Pas 34 eae 

of the ZnS + BaSO), precipitates gave 5 S values all within the range 

Can) On (-) 1 Oe Oe This was much More fractionation thar was ‘seen in 

the effluent sulfate-sulfur, which would incicate that some chemical 


Praceionacion had occurred) inthe wince acetate: trapping solution. 


34 F 
Thus any data concerning S valvesmi nisubride) would beiwendered useless. 
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The data presented in this section were obtained by varying the 
dilution rate and maintaining the composition of the influent medium 
at a constant level of lactate, yeast extract, and sulfate. Medium 
#6, containing lactate, yéast extract, and sulfate in a ratio-of 
3:2:1, as compared to basal Medium #1, was designed to maintain the 
primary electron donor (lactate) and acceptor (sulfate) at levels 
which would not become limiting at the various dilution rates studied. 
The yeast extract level, based on the initial chemostat study, was 
chosen to give an intermediate level of growth. Single strength 
sulfate was used, since the previous study had shown that this was 
sufficient to have excess sulfate remaining in the effluent. 

A. Growth Conditions 

The influent flow rate to the chemostat was varied using a 
peristaltic pump whose flow rate characteristics are shown in Figure 6. 
This chemostat was thus able to provide a dilution rate range of 0.012 
wee COnmO 526 ees corresponding to mean culture residence times of 
AICO W153 “hours. 

The pH values of chemostat effluents are presented in Figure 7. 
The values varied from pH 8.8. at a dilution rate of 0.012 ae to 
DH 7. geat thes highest delution rare or 0.316 ee The steady decrease 
in pH was a result of less HS being produced /ml of growth medium at 
each of the increasing dilution rates, even though the overall hourly 
HS production did increase for three of the measured dilution rates 


(Figure 5). In dissimilatory sulfate-reducer growth, the acidic 


reaction resulting from the production of organic acids is neutralized 
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Figure 6 
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FLOW RATE CHARACTERISTICS OF THE CHEMAPAC ag “ae 
PERISTALIC PUMP USED IN THE DILUTION RATE STUDY = 
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AS A FUNCTION OF DILUTION RATE 
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by the production and liberation of H.S from the system. It is to 


2 
be noted that only in the event that HS remains trapped in a system 
will growth 1590 a dissimilatory sulfate reducer have the potential 
of creating an environment with a weak net acidic reaction. 
BoweolOWEnpOr PsOlatcun. as Measured by Viable Counts and 
che Production of Protein, RNA, and DNA Tas a Function of 
Chemostat Dilution Rate 

As in the previously-described chemostat experiments, evidence 
for growth in this study was based on production of cellular protein, 
D-ribose (RNA), deoxy-D-ribose (DNA), and estimations of viable 
counts. 

Gaye viable Counts: 

The results of viable count estimations as a function of dilution 
rate appear in Figure 8. As with all subsequent data in this section, 
results are presented both on a /ml of effluent and on a /hr production 
basis. The /ml presentation describes the instantaneous production of 
a chemostat and is a reflection of the intensity of growth under a 
Dareictilar set, of conditions: The /hr production rates illustrate 
the net production (productivity) /unit of time. The viable count /ml 
Maximazed at aldilution rate of .0Of0G5 eee while total production of 
viable cells on an hourly basis reached a maximum at a dilution rate 
oflO4s hrs 

(ii) Protein Production 

The instantaneous /ml production of cellular protein as shown in 
Pigure 9 indicates a net’ decrease at ali dilution rates, after a rate 


of 0.066 near had been achieved. This indicates less intensive growth 


beyond this point. However, the /hr production rate shows that net 
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FIGURE 8 


VIABLE COUNT PER MILLILITER OF CULTURE 
EFFLUENT AND TOTAL VIABLE COUNT PER HOUR 
AS A FUNCTION OF DILUTION RATE 


Viable count per ml of culture effluent: ( @ ees G 


Total viable count per hour: ( Atcnucecnse we 
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FIGURE 9 


CELLULAR PROTEIN PER MILLIUITER,] PER HOURS AND Bik 


VIABLE CELL AS A FUNCTION OF DILUTION RATE 


Micrograms of cell protein/ml: ( OreenenenaneO 


Tlotal militerams of (celimproteiny hice ( A met er ern emcees A 


Femtograms of cell protein/viable cell: ( ig 
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cellular protein production was not in fact decreasing until a dilution 
hater ore0.232 on had been achieved. Beyond this point, unknown factors 
were causing growth to become suboptimal with respect to cellular protein 
production. This does not mean that exponential washout was beginning to 
occurlatter va dilution! rates o£. 0.232 ‘eo Sweep lilac: ution rates 

used in this study were maintained long enough to ensure that any 
conditions leading to D>u would be manifested as washout. This 
observation simply illustrates that, as pointed out by Hough and Wase 
(1966), actual growth data can deviate from theoretical production 

curves noted in many discussions of chemostat kinetics. They state 

that low protein production values /hr at low growth rates illustrates 
high initial requirements for maintenance energy. 

The graph of cell protein production/ml showed a temporary 
depression at a dilution rate of 0.028 ne (64 ml influent medium/hr). 
This observation cannot be readily explained, but the finding was 
Bepeatablenwien thesrange ofediilutions ,~0.01L271 0.0287 and: 0.065 tas 
were re-run. Nevertheless, even in this range of dilution rates, 
overall protein production/hr was showing its most rapid increase. 

The graph of cellular protein production/hr shows maximum positive 
slope of 2.77 mg of protein/hr increase per 0.01 ee increase in 
dilutionerate? upstonaldiintilongvateso lf) 04065 hee From this 
POimtyeuntil asdiution nagesgotetas3 hyena further increases of 
cellular protein production/huyoccimueds jbut areandece!eratedsrate 
ofe0.675umgpprotein7hr, increase per 0.01 eee increase in dilution 
rate. The change of slope possibly indicates the gradual increase 
in concentration of undesirable metabolic end-products, e.g., 


SuLimeccandl sulfide. 
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The plot of femtograms of protein/viable cell included in Figure 
Sei Llustrates an interestingatrend: |) { Up; tosaltdilution rate\of 0.065 
seep total viable cells/hr and protein production/hr increased. However, 
viable cells/ml also increased in this range of dilution rates, whereas 
protein production/ml tended to remain the same or fall. Thus, 
protein/viable cell in Figure 9 illustrates a negative slope, which is 
indicative of more cells containing less protein per individual cell. 
Beyond a dilution rate of 0.065 he viable counts/ml and total 
viable cells/hr showed a steady decrease. Nevertheless, protein 
production/hr still increased, but at a slower rate, until a 
arlweon- vate. of 02233 see had been achieved. As can be seen in 
Figure 9, the protein content/viable cell in this range levelled out 
Ane then rose sharply at a dilution rate of 0.233 fe Therefore, 
in this range, a smaller number of cells were maintaining a higher 
protein content, the converse of that seen at lower dilution rates. 
When aidt-lutionsrate sof Oa316 me was achieved, large decreases in 
protein/ml, protein/hr, viable counts/ml and /hr, and protein/viable 
cell occurred (see Figures 8 and 9). The decrease in protein content 
might suggest that exponential washout had occurred; however, this 
was not the case, in that growth even at this high dilution rate was 
stabilized for a Significant length of time before the measurements 
were taken. Indeed, if the growth rate had been exceeded by the 
dilution rate at the level of influent flow, exponential washout would 
have been very evident. It would appear that the bacterium could 
achieve and maintain this growth rate but was limited in its development. 
ites possible what under such rapid idiluting, conditions; poising of the 


medium was likely far from optimal or there may well have been accumula- 
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tion of inhibiting intermediary metabolites under these sub-optimal 
GOnalt Ons.) LncCreLoOre, While stabilization did occur at this high dilution 
rate, the chemostat was supporting less total production both in terms 
of cell protein and viable organisms. 

(i113) RNA Production 

Figure 10 shows D-ribose production/ml, /hr, and RNA/cell, 
expressed as a function of dilution rate. As would be expected, there 
were many Similarities between the kinetics of RNA and protein produc- 
tion in cells grown under these conditions. However, there were some 
important differences noted. Although a temporary loss in /ml production 
OmeKNANOCCUDrTeaG ab a aduilution rate of 0.027 fers as was observed 
with protein, the rate of increase in /ml production of RNA during dilu- 
tion rate increases up to 0.065 ae Was far greater than the correspond- 
ing increase in protein production/ml. In terms of /hour production, 
the increase in RNA as a function of increasing dilution was constant 
TOmOmaLLOELOn race Of 09239 eae with no apparent change in rate. 
This too differs from /hour production of protein where at least one 
Pacewcliange was) Observed. | lt woule appear that this Pesultovibrio 
species in continuous culture, follows the same trend observed by 
Kyeldgaard (1967), with Salmonella tyohanurium, namely “ao the cel lular 
growth rate increases, RNA levels increase more rapidly than do protein 
levels (on a /hr production basis). The /ml production of RNA decreased 
with increasing flow or dilution rate after 0.065 he as did cellular 
Pproteinsconcentrarion, but tthe curve icnows a Jess negative slope in 
the case of RNA. Figure 10 also presents the RNA levels/cell as a 
function of dilution rate. As with the protein levels/cell described 


previously, RNA levels/cell decreased to a plateau level at a dilution 
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FIGURE LO 


RNA-RIBOSE PER MILLILITER AND PER HOUR 


AND RNA PER VIABLE CELL AS A FUNCTION OF DILUTION BATE 


Micrograms of D-ribose/milliliter cf culture effluent: ( Orerensss=*O  ) 


Milligrams of D-ribose produced/hour: CA mn 


aa 

+33] 

& 
we 


Femtograms of RNA/cell: 
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ratevor 0.065 ee and then increased to maximum at a dilution rate of 
On eos ey before decreaSing once again at the highest growth rate 
(Oz S16 Poi) used. RNA production, both /ml and /hr, showed a rapid 
decrease beyond a dilution rate of 0.233 ihe Again this should be 
regarded as a physiological manifestation of growth under suboptimal 
conditions. 

(iv) DNA Production 

Themprogucciony Ob DNAVbys isolate Fl in continuous culture, both 
Piieenide/snieaS aptuncn1 on of dilution rate, is shown in Figure lls The 
kinetics of DNA production under these conditions differed greatly from 
Dew procein ang RNA production. From.a dilution rate of 0.012 to one 
he MONG ete) nee the instantaneous /ml production increased very rapidly, 
with a depression at the intermediate dilution rate, 0.027 Sagas This 
very rapid increase in /ml production of DNA would indicate growth 
conditions becoming more optimal with increasing dilution rate and 
therefore growth rate. This does not mean that /viable ceil, the 
content of DNA was increasing. In fact, Figure 11 shows that the 
concentration of DNA/viable cell was decreasing in the range where the 
content/ml was showing the most rapid increase. This would imply that 
the cells were maintaining fewer copies of genome/viable unit as growth 
rates increased. Because the levels of DNA increased with increasing 
flow rate, the /hr production rates naturally increased very rapidly. 
At dilution rates greater than 0.065 ue per hour production rates of 
DNA fell slowly until aidilution rate .of 0.233 ne = was reached, where 
a rapid decrease occurred. This of course showed up as a very rapid 
decrease in DNA levels on a per ml basis. It would appear that with 


increasing dilution rate, the per hour production rates of protein and 
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FIGURE 11 


DEOXY- D-RIBOSE PER MILLILITER AND PER HOUR 


AND DNA PER VIABLE CELL AS 


A FUNCTION OF DILUTION RATE 


Micrograms of deoxy D-ribose/ml of culture effluent: ( Oss+===<<<=4s Cry 
Milligrams of deoxy D-ribose produced/hour: (ELS wee eae mes soe 


Femtograms of DNA/viable cell: ( 
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ml of Influent Medium / hr 


| | 0.260 0.347 


0.086 O7175 


0.0 


Dilution Rate hr71 


nucteresaciad decreased ine the following order: DNA > protein > RNA. 
Figure 12 summarizes graphically the protein: RNA, protein:DNA, 
and RNA:DNA ratios, as a function of dilution rate. Since the protein: RNA 
ratios (Figure 12) show a negative slope which levels off at dilution 
rates around 0.145 lay the rate of RNA synthesis rose faster than did 
protein synthesis throughout the dilution rates tested. At low dilution 
Faues,eil.e@., rates of -0.028 rey the synthesis of DNA apparently occurred 
Desdmraster race in relative terms than did protein synthesis.. At 
dilution rates greater than 0.065 ey the slope of the protein:DNA 
ratio increased steadily. This indicates that rates of DNA synthesis 
were falling behind protein synthesis at an increasing rate. It would 
seem that of the three main physiological parameters measured, DNA 
synthesis seemed to show the least amount of control during the testing 
of the various growth rates. This is based on the observation that DNA 
levels varied erratically at low dilution rates and decreased earlier 
and faster than either protein or RNA levels (compare Figure 9, 10, 
and 11). The fact that the RNA:DNA curve showed a positive slope as 
the growth rate was increased indicated that RNA content was increasing 
more rapidly than DNA content. 
The ratio curves (Figure 12) indicate that this organism obeys 
one of the general rules of increasing growth rates, i.e., that RNA 
synthesis rates increase first. It is apparent that DNA synthesis is 
not, however, under ideal or tight control. It is especially obvious 
that under very low dilution rates, e.g., 0.012 eee the cells 
Reco ent their physiological functions with a minimum concentration 
of RNA being present. In fact, at this growth rate, there was more 


; : -l 
DNA than RNA present in the cells. Even at a dilution rate of 0.065 hr , 
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PICURES 2 


PROTEIN: RNA, PROTEIN:DNA AND RNA:DNA 


RATIOS AS A FUNCTION OF DILUTION RATE 


Protein :BANnAr ratio: ( Q eee rrr: eee @ 
Proteing DNA reacioc | A wesmcuausasenenar/A 


RNA:DNA ratio: ( (D) ses eames arom woes cone eases nome [] 


125 


Oily 


YNG:?VN& 


<d,, oO o 
Se % 4 
oy \ 4 
- \ i 
° 
« 
5. \ oO 
OS @ 
% ie 
‘ 4 
<q cc fe] ae & be 
+ + ~ j i 
Rs, Said . 
% ~s : 
*s, iS © 
Sy » 2 
se, 7 SS 
4 


‘ 
SES 
a 
®e 


STR Lae hee eee Ai a ee pee 


[hr 
0.260 0.347 


ml of Influent Mecium 
Dilution Rate hr-1 


0.086 0.173 


! { ae a ee 
porters crear ye kta rr bean ype yas mena wrap me crn et aaron ame een: pigeon ne oo 
fab RV TMRRE DI DO RDN CER NRC OI SD A OT UB BE a , si AS EAR EARNS EI NEN EEN OTC RA SEES Sa aa 


0 LO CN oD ie oe Oo 
VNG:Ulejo1d PUD WNYY: Ulejold | 
| jO SOlpy 


21 [- 


126 


DNAWlevels * were still only slightly below those cof RNA. Throughout 
this and the previous chemostat experiment, it appears that under certain 
eoneitions, €-9-, Slow growth rates,/these cells contain an inordinantly 
large amount of DNA in relation to their protein and RNA levels. 

Gece Suze sDistoipucrongon PoOlate fl asia Function of 

Dilution Rate 

Cell size distribution studies were undertaken in the same manner 
as described in the previous chemostat study. Data are presented in 
getailwiin Table Vil, ard Graphniceallyein Figure? l3.- It should be 
noted that size distribution analysis is not available for the most 
Soptd dilution rate (02316 Bee). The data presented do show a 
Ser1guvereant trelid ii Size diseribuciomspatternsy* In the dilution rate 
mange. OF U,01L2-0.065 ees there was wide variation in cell. size with 
GESErMOutLon peaks ‘at 2.4 (im,—9s-6 im-on=both. “This indicates a gréater 
proportion of large cells in the population. Dilution rates beyond 
Os 145 ioe produced cell populations more uniform in size with a 
sharp frequency peak occurring at 2.5 um, and with no cells Showing 
dengths greater than 4.2 wma. in addition, the frequency of cells in 
the range of 1.2 to approximately 2.8 um in length was much greater 
than was observed at lower dilution rates. This indicates that fast 
growth was yielding smaller cells, even though as shown previously 
(Figure 9), these cells contained a higher protein content per 
individual cell; 

D. The Production of Intermediary Metabolites and End-Products 

of Dissimilatory ‘Sulfate Reduction as a Function of Dilution 


Rate 


The concentrations Of Sulfide, sulfite, and thiosulfate in solution, 
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CELL SIZE DISTRIBUTION AND HALF-CYCLE 


SUMMARY OF 


AW MENE OANA Tl 


FREQUENCY AS A FUNCTION OF CHEMOSTAT DILUTION RATE 


Percent of Total Population 
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Figure 13 


SIZE DISTRIBUTION OF ISOLATE +l) Chaise 


AS A FUNCTION OF DILUTION RATE 


All plotted points are the summed values for each measured length 


obtained from Table XVITL. 
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and effluent HS were determined by the methods outlined in the Materials 
and Methods section. 

(i) Solution and Sparged Sulfide Levels 

The concentration/ml of solution sulfide and total production/hr 
as a function of dilution rate is presented in Figure 14. The /ml 
production of sulfide reached a maximum at a dilution rate of 0.028 Hoe 
Thus, at this growth rate, cells in the chemostat were exposed to their 
Retest levels of sulfide (5-35 ~moles/ml). This does not include 
gaseous HS which was continuously being sparged from the system 
(408 umoles/hr or 0.113 wmoles/second; see Figure 15). This high 
concentration of sulfide corresponds to and may well have been the 
Gause Of depressed levels of RNA, DNA, and protein which occurred at 
this dilution rate. The /hr production of solution sulfide reached 
aemaximum at; aediiution rate of 0.145 oe which corresponds very 


well to the maximum/hr production of sparged H.S seen in Figure 15. 


2 


The only difference in these two curves is that sparged H,S spiked 


2 
sharply at this growth rate, while a smoother curve describes the /hr 
solution sulfide production. The decrease in sulfide and HS 
production beyond a dilution rate of 0.145 Aone indicates that the 
chemostat was less toxic, but was also a weaker reducing system. 
Because of this, poising was probably not ideal, and as can be seen 
from previous figures, growth of cells in the chemostat decreased. 
This would have a multiplier effect, since the cells, in a stress 
Situation, would in turn respire at an even more depressed level, 


leading to less H.S production and hence a further reduction in self- 


2 


poising capabilities. 
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FIGURE 14 


MICROMOLES PER MILLILITER OF EFFLUENT 


AND TOTAL PRODUCTION PER HOUR OF 


SOLUTION SULFIDE AS A FUNCTION OF 


DILUTION RATE 


Micromoies of solttion sulfide/ml of effluent: (C ©: 


Micromoles of solution sulfide produced/hour: ( A 
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(17) SSultite Production 


Pigures!67represents sulfite production /ml and /hr as a function of 


dilution rate. The effluent levels of sulfite and thiosulfate were 
followed closely in this study since some of the dilution rates tested 
could lead to unbalanced growth, and the accumulation of reduced 
LOmmiceoresw@irur. “he Grapic Gf Sulfite production/ml and Hit Bee 
Maximum accumulation of sulfite between dilution rates 0.027 and 
0.065 eee However, this cannot be considered a manifestation of 
unbalanced growth, since this was in a region of maximum cellular 
production. It is interesting, however, to note that like solution 
levels of sulfide, the /ml concentration of sulfite maximized at a 
meLuLtion cate of 0.027 weet. Butlin (1949) stated that the presence 
of sulfite in Desulfovibrio cultures would encourage the development 
of grossly enlongated cells; but more important, it rapidly became 
toxic even to cultures adapted to use it as the primary electron 
acceptor. ft 1s’ doubtful that <a 50° concentration of 0.39 umoles/ml 
WOUldmDROvVeCuLOZTOCeLOMNtNES Culture; but 1 could be slightly inhibitory 
to certain cellular processes, which again might correspond to the 
temporary depression of the instantaneous /ml production levels of 
RNA, DNA, and protein. The most important observation gained from 
following sulfite levels was that at high dilution or growth rates, 
sulfite as an intermediate did not accumulate. Significant effluent 
concentrations of sulfite could not be detected beyond a growth rate 
DOLSOnas We Such an observation might be explained as follows. 
Lielovemeonluiclonetaces,. SIgGntricant. concentrations of sulfide are 
present in the culture medium which could in fact exert some end- 


product repression against certain enzymes present earlier in the 
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FIGURE 16 


NANOMOLES OF SULFITE PER MILLILITER 


OF CHEMOSTAT EFFLUENT AND TOTAL 


MICROMOLES OF .SULFLTE PER HOUR AS 


A FUNCTION OF DILUTION RATE 


Nanomoles of sulfite/ml of effluent: ( e 


Total micromoles ehecultite/hc: ( A 
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dissimilatory pathway, e.g., bisulfite reductase. Thus, sulfite accumu- 
lated as a result of sulfate activation during the low dilution rates 
tested. At higher dilution rates, less sulfide was present, therefore 
end-product repression would probably not be a problem. Any sulfite 
formed could then be fully reduced to sulfide, or partially reduced 
to the level of thiosulfate or trithionate (as per the equations listed 
in the Literature Review). 

(tai) thiosulfate Production 

The only other intermediate of dissimilatory sulfate reduction 
assayed for was thiosulfate. Its production /ml and /hr is shown 
graphically in Figure 17. The /ml production curve shows clearly 
that thiosulfate accumulation occurred at differing rates during the 
various dilution rates tested. For example, the transition from a 
Grlutwon rate of 0.233 to 0.316 ne resulted in a significant 
increase in per hour accumulation of thiosulfate. Unlike the eventual 
packyOreeccumulativon of sulfite at higher dilution rates, thiosulfate 
levels follow a steady increase as the dilution rate increases. It 
appears from this data that the final reductive step involving the 
conversion of thiosulfate to sulfide and sulfite is a rate-limiting 
Scveprahnd winder conaitions. of) repid crowth, &.0. ,niginedilucion rates, 
thiosulfate accumulates. If taken far enough, this could result in 
the shutdown of the reduction of trithionate to thiosulfate and sulfite. 
This would not cause an accumulation of sulfite since sulfite apparently 
recycles into synthesis of trithionate. Thus thiosulfate would accumu- 
tate first (assuming the rate-limiting step occurs at the point of 
thiosulfate reduction) and trithionate would not accumulate until 


growth conditions were even more unbalanced. 
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FIGURE 17 


NANOMOLES OF THIOSULFATE PER MILLILITER 
OF CULTURE EFFLUENT AND TOTAL MICROMOLES 
OF THIOSULFATE PRODUCED PER HOUR AS A 


FUNCTION OF DILUTION RATE 


Nanomoles of thiosulfate/ml of effluent: ( @ pessoas & 


Total micromoles of thiosulfate/hr: ( A 
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Senez (1962) speculated that in the pathway of sulfite reduction to 
sulfide, energy expenditure was required, although he presented no 
justification for this hypothesis. Thus, there is the possibility 
that thiosulfate reduction is rate-limiting in the sense that it may 
require energy. “if, “in fact; thiosulfate reduction is an endergonic 
PLocess, unbalanced growth at high dilution rates could lead to a lack 
of available ATP, a breakdown in thiosulfate reduction, and a consequent 
increase in thiosulfate concentrations. 

Be sulfur Recoveries 

in Studies, Suciveas reported: in this section, it is important to 
account for both the products and the components used in respiration. 
There is very little other data in the literature concerning the 
relationship between sulfate consumption and production of reduced 
sulfur intermediates. For example, it is not known whether the routes 
for dissimilatory reduction shown in the Literature Review describe 
all sulfur intermediates which might appear under different growth 
conditions. The pathways presented are not concerned with the relative 
concentrations of sulfite, thiosulfate or thrithionate which one might 
expect to be found under slow, intermediate, or rapid growth conditions. 

Data shown in Table XVIII exhibit a general and interesting trend. 
The recovery of sulfur increased as the dilution rate increased and 
eventually reached theoretical for the fastest dilution rates studied. 
The assay systems used at all these dilution rates were standardized as 
stipulated in Materials and Methods and there is no reason to suspect 
a systematic error throughout the study. Rather, these results would 
tend to indicate that at low dilution rates, many sulfur species, or 


perhaps only trithionate, accumulated, which would not be determined by 
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the methods used for assaying sulfate, sulfite, thiosulfate, and sulfide. 
At high dilution rates, a very straight-forward dissimilatory sulfate 
reduction route was apparent except for the accumulation of thiosulfate. 
Alternatively, these recoveries could indicate that trithionate was not 
being accumulated in any quantities at fast growth rates. 

Pe sulfum lsotope Fractionation 

The oes values for effluent sulfate samples, as listed in Table 
XIX, do show a-trend; namely a maximizing of fractionation at lower 
dilution (growth) rates with a decrease in fractionation as the 
growth rate increased. This is in keeping with the observations of 
Harrison and Thode.(1957) and Roy and Trudinger (1971) who state that 
maximum fractionation occurs at low growth rates, with excess sulfate 
present, under suboptimal growth temperatures. Clearly in this experi- 
ment, maximum fractionation occurred at lower dilution rates, i.e., 
the cells preferentially utilized the lighter isotope of sulfate- 
sulfur, thus leaving the residual sulfur enriched in the heavier 
isotope. Previous papers by other authors were not specific in terms 
of how much sulfate in growth media was necessary before it was in 
excess. Assays in this system showed that even in the case of the 
lowest dilution rate, some sulfate (2.2. umoles/ml) remained in the 
effluent medium. Apparently this was sufficient to still allow the 
cells to discriminate and allow fractionation to occur. No attempt 
was made to grow Isolate #1 under a suboptimal growth temperature. 
It would seem, however, that this is merely a convenient way of 
lowering the growth rate in batch culture situations. In a chemostat, 


this is easily accomplished by lowering the dilution rate. 
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34 
TABLE XIX. $6 S VALUES FOR INFLUENT AND EFFLUENT SULFATE AS A 


BUNCTION OF (DILUTION RATE 


Dilution oe Influent 236 Effluent 
Rate SOF SO; 
OeOL2 -0.02 tons 
Os027 Oia 2 +629 
0.065 (es) 2 Ans 
0.145 -0.02 FlasS) 
0.4233 =O) 202 Oy. OF 
OS316 -On02 erent 


i i a 


NOTE: Each of the per ml deviation values is the mean from six 
ratio determinations for a given sample on the mass 


Spectrometer. 
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The data in Table XIX show that significant fractionation ceased 
under conditions of rapid cell growth (high dilution or growth rate). 
It is interesting that under these same conditions, thiosulfate also 
accumulated at an increasing rate. The accumulation of this inter- 
mediate, coupled with decreasing fractionation, would seem to agree 
with the steady state theory of fractionation proposed by Rees (1973). 
His theory states that fractionation is the sum of the discrimination 
between sulfur isotopes which occurs at each enzymatic step of 
reduction. Since significant thiosulfate accumulation occurred at 
the higher dilution rates, appreciable sulfur was never reduced to 
the level of sulfide; therefore full fractionation could not occur. 

Fractionation values obtained for sulfide-sulfur were not included 
in Table XIX for the same reasons as given in the initial chemostat 


study. 
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IV. incorporation: of Uniformly pier heed Yeast Protein Hydrolysate 

Into Batch Circe sn One eoel a Ge an 

The media used in the nutritional studies carried out in Cone rode 
Culture eonvainedtvyeast extracy. | The results of these experiments 
indicated that elevated yeast extract levels, if lactate was not 
limiting, stimulated higher cell yields. These experiments did not 
indicate whether the stimulation was due to the use of yeast extract 
components for synthesis purposes, for energy purposes (oxidation 
to CO.) Ofiwas due@to a vitamin or cofactor effect. 

This experiment was designed to provide information as to the 
degree of incorporation of yeast protein carbon into the cells of 


Isolate #1. To determine if significant levels of CO, originated 


2 
from amino acid carbon provided as yeast protein hydrolysate, the 
design included a trapping mechanism for metabolic cO.. 

Each of the six media used in this experiment (Media #'s 1 to 6 
as per Materials and Methods) received 2x ° dpm of label (as yeast 

‘ : ; lA © : 
proteins hydrolysate)? “The distribution of CeimicellL fractions and 

14 : eee 
recovered as CO, Is =presented yin Table Xx. Ghejdata andicates that 
the cultures did not make significant use of the yeast protein material 
either as a substrate for synthesis or as an energy substrate (based 
14 : : : 

on CO. production). The fraction which contained most of the 
incorporated label never contained more than 7% of the label provided. 
More total label was taken up when lactate was in excess and yeast 
extract was limiting (Media #'s 2 and 3). However, as the specific 
activities of the protein-DNA fractions in these cases were in fact 


not significantly different from basal levels (Medium #1), it is likely 


that this was caused by increases in protein production on these media. 
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Where yeast extract (unlabelled) was present in excess (Media #'s 4 and 
5), label incorporation in protein-DNA was depressed as compared to 
levels found in Media #'s 2 and 3. Medium #6 stimulated an intermediate 
level of ative incorporation into the protein-DNA fraction. Recoveries 
of label were in excess of 90% in all media tested. 

The overall results are summarized in Table XXI. They suggest 
that the role of the yeast extract is simply to provide a few 
necessary amino acids and/or pre-formed vitamins or cofactors. Therefore 
yeast extract is not required, but is stimulatory to the growth of 
this Desulfovibrio isolate. 

Vee Ves el Caisson s. CONncernang seve Role of Dissimi latory 

sulfate jReaucers in Crude Oil Catabolism 
A review of existing literature concerning sulfate-reducing 


bacteria and their role in petroleum degradation indicates tha 


ct 


indirect evidence such as methylene blue reduction or the formation 
of black metallic sulfide precipitates was used as evidence of growth 
of these organisms on petroleum. In many instances, reducing 
compounds like ascorbic acid, which are readily oxidizable by some 
bacteria, were included in the medium along with petroleum without 
having included proper controls. Much of this work also was carried 
out before advances in analytical chemistry, e.g. gas chromatography, 
made it possible to readily determine the chemical composition of 
Certaineaccractionseor o1l. 

Another major problem in interpreting data in the literature 
- is concerned with the difficulties in excluding air from anaerobic 
environments and the isolation of pure cultures of Desulfovibrio sp. 


Such problems would permit the growth of aerobes on the petroleum and 
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14 
TABLE XAL. PERCENT OF THE C-LABELLED YEAST PROTEIN HYDROLYSATE 
INCORPORATED INTO CELLULAR COMPONENTS OR FOUND IN 


METABOLIC «CO 


2 
Medium # 2 as cO., % as RNA % as Protein-DNA Toba 
dh O2O40 0.996 Al. 26) 523 
2 Oi (O47 O54 SSS 6.60 HAOOS 
3 On OS BAS 6.14 Ge SAS} 
4 ORO4T O), ae Zo MS) 2. BAA 
5 | ©. O55 Oks 2.88 Si, MALY 


r Pn - 
ei 
ee 
F 
* + . > (s 7 
i 
é 
me J mo! 
* ? Mf ; ss ee 
2 


pf . ls | 
TARY QMOSAI-9 ° 2? 8O Tees 22 


i Ree ort CapTaAg@tHOoUT 
“09 STIORATM at 


4 
* 


is deans hide 
its : Ta 


7 
: e 


150 


thus allow the sulfate reducers to grow on the products of aerobic 
oil degradation. Such growth would result in sulfate reduction 
which would be interpreted as growth of the anaerobes on petroleum. 

In an attempt to gain definitive data concerning crude oil 

degradation by sulfate reducers, the following studies were 
undertaken: 

1. An attempt to show enhancement in numbers of sulfate reducers 
in soils which had received crude oil applications. 

2. To determine whether Isolate #1, derived from petroleum, 
Wasson race capable, on ULi1i Zing or Co-Oxidizing crude 
petroleum under anaerobic conditions. 

3. To determine whether Isolate #1 or mixed cultures of 
sulfate reducers could act as succession populations to 
aerobic cultures which had already utilized crude petroleum 
as a sole source of carbon and energy (as per Kuznetsova 
cree L905). 

Awencadence or Sulfate Reducing Microorganisms in Areas of 
Terrestrial Oil Spills 

In this study, soil samples were taken, in the spring of 1974, 

from an oil spill study placed in northern Alberta (Swan Hills) in 
Juby ,elO7 2." Orb hed been applicds to quadruplicate plots atea rate 
of 60 liters/3x3 meter plot. In an attempt to stimulate the 
indigenous flora, certain plots had been fertilized (500 lb of 


elemental nitrogen/acre equivalent and 50 lb of P facre equivalent). 


Be 
As well, certain plots were later limed, limed and fertilized or limed 


and re-fertilized (377 days after initial fertilizer application). 


Table XXII describes the treatments and presents the means of 


TABLE XXII. SUMMARY OF SULFATE-REDUCER VIABLE COUNTS (M.P.N.) IN 


SAMPLES TAKEN FROM OIL SPILL PLOTS IN NORTHERN ALBERTA 


665 DAYS AFTER SPILL INITIATION 


Control 


Ont 


Oil and Later Liming 


Treatment 
Replicate 


mWHhO EF 


Mm WN FH 


Viable Count Gao) X (x10 


= 


Oil and Later Liming 
and Fertilizing 


Oil and Later 
Fertilizing 


Ovivand winzveial 
Pertiiazing 


Olieancde ii: Cra) 
Fertilizing and 
Later Liming 


Oil andivind tial 


Fertilizing and Later 
Liming and Fertilizing 


Oil) and Initial Fertilizing 
and Later Fertilizing 


mM WM HF BwN FE 


Mm WN EF 


mWDO bE 
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quadruplicate most probable number counts for sulfate reducers. 

There was great heterogeneity between replicates; therefore, the 

data was subjected to T-test analysis. These results, Table XXIII, 
show only comparisons between test and control plots. A comparison 

of oil plots with any other treated plots yielded no statistically 
Significant differences. Plots fertilized with nitrogen and phosphate, 
etuniereatb tne timesof spill iniciation or 377 days after, showed high 
sulfate reducer counts which were statistically significant at the 

25s conbidence level, from control plots. Plots initially fertilized 
and then re-fertilized 377 days later, whether or not liming had taken 
place, also pessessed statistically higher sulfate reducer counts both 
at the 95 and 99% confidence levels. When used as a sole treatment 

of oiled plots, liming produced a noticeable depression in sulfate 
reducer counts. This was expected as lime is a commonly used agent 

in the control of proliferation of sulfate-reducing microorganisms. 
Counts from plots which had received only oil showed a high degree of 
variance. Computer projections indicated that approximately seven to 
eight times the number of samples (28-32) from oil plots would be 
necessary before these might yield statistically different values 

from Control plot: counts. Therefore, if o1lswith no other streatment, 
was Stimulating sulfate reducer proliferation, it was doing so ina 
manner which varied between and most likely within plots. 

Concomitant studies, (Jobson et al, 1974), revealed that initial 
fertilizer applications to terrestrial oil spills increased viable 
counts of aerobic organisms and produced a demonstrable increase in 
the rate of oil catabolism when compared to the unamended oil plots. 


It would seem, therefore, that the sulfate reducers. could be more 
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TABUDR Ae L-ThSly OF DATATEROM TABLE XXII, COMPARING TEST PLOT 


COUNTS TO CONTROZE PLOT - COUNTS 


Significance 


Treatment Ops CoOnmcence  whevel 99% Confidence Level 


One - Fe 
Oil and Later Liming - = 


Oil and Later Liming 
AG GateryPertii1 Zing ~ = 


Grimace te: Pertiti zing + a. 


uli. aise! dbsswweskeydl 
Fertilizing + Bs 


Olt and initial FPertrilining 
and Later Liming - _ 


Oil andeinitial Fertilizing 
and Later Liming and 
Later Fertilizing + + 


OnlPand SL aid ale rertd Lt Zin 
andrieater Fertilizing + + 


Pnverscnemrirnivence Orethe applied fertilizer or the products resulting 


from the temporary increase in numbers of aerobic microorganisms than 


the effect of merely providing 011 as additional carbon substrate. This 


effect is similar to that already reported by Kuznetsova and co-workers 


(1965). Their work demonstrated that after an initial increase in 
aerobic viable counts (using petroleum for substrate), this effect 
abated to te ye ee by a demonstrable increase in sulfate reducer 
viable counts and HS production. It would seem that the field 

survey work carried out in this thesis might indicate that anaerobic 
sulfate reducers act as a succession population, using either 
metabolic end-products or lytic components of the pre-existing aerobic 
population. In this way, sulfate reducers would be linked with the 
presence of petroleum, but would only be making indirect use of 
partially-oxidized petroleum carbon. 


Dae tOeVeCrOnocudiesuonebecrroleum by slsolate.7l and by Mixed 


Cultures il and #2 


(PP electeTibesCul tunes vorelsolate #l in the Presence of Crude Oil 


In order to provide substrate, i.e. oil, in the most reduced 
section (bottom) of the tubes, North Cantal oil was added adsorbed 


to silica gel. Non-inoculated controls were treated with three 


drops of benzene and test samples were inoculated with celis grown ina 


chemostat on Medium #6. After 55 days incubation at 30°, the oils 
were recovered by solvent extraction and subjected to chromatographic 
analyses. 

Table XXIV shows that there were some gravimetric changes in the 
extracted oil when compared with analysis of North Cantal oil taken 


from storage bottles kept under refrigeration. However, the oil from 
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TABLE XXIV. RESULTS OF THE TUBE. CULTURE OF ISOLATE #1 IN THE 
PRESENCE OF NORTH CANTAL CRUDE PETROLEUM. 


Chroma tograpnicaAnalysi1s of Extracted Petroleum 


Weight Percent 


Component Inoculated Contrco. “original 
Asphaltenes ele ree 4.4 
Saturates 47.5 4355 Slice 
Aromatics 24.5 2A) Sod 

b 

NSO's LO.9 ae 12.4 


Total Weight Percent 100.0 DENS) 100.8 


“Values correspond to analysis of control oil maintained in storage 
bottles at 4°. 

Length of incubation (30°): S55 days. 

NSO: "Reters to condensed aromatic Ling systems containing mitrogen, 


sulfur, and oxygen substitutions. 
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the uninoculated controls showed even more apparent change when compared 
with the original stored oil. These changes are unavoidable when 
exposing oils to the culture medium employed in these series of 
experiments. Long exposure to this medium presumably allows chelation 
reactions to occur, whereby cations such as iron complex with asphaltene, 
aromatic, and NSO components thus causing increases in the apparent 
weight of these fractions (Speers and Whitehead, 1969). Iron and 
iron salts can be sandwiched between the layers of asphaltene 
components in much the same way as that observed with colloidal sus- 
pensions of clay. The test samples have additional problems with FeS 
and elemental sulfur contaminating the samples. The elemental sulfur 
(as rhombic sulfur) originates from re-oxidation of sulfide which 
occurs during the solvent extraction process. The sulfur behaves 
chromatographically as an aromatic compound and thus lends weight to 
TiLomeract ton. SOMme, DULL NOt a.l, of this’ suitur can be re-oxidized 
thiosulfate by reacting it in aqueous conditions with sulfite. Also, 
Perot pve in co quancitautavely re-extract the aromatic fraction 
from this thiosulfate reaction mixture. Problems such as these were not 
encountered in aerobic culture since iron was not needed for poising 
purposes and sulfur was not produced during residual oi] extractions. 
The liquid chromatographic data therefore cannot be used for serious 
comparisons between experiments. 

The Saturates GLC profiles as illustrated in Figure 18 can be used 
as evidence for stating as to whether or not n-alkane utilization 
had Geen ea: As can be seen in Figure 18, there is virtually no 
difference between the middle and lower profiles (experimental control 


and overall control respectively) except that the most abundant n-alkane 
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FIGURE 18 


GLC PROFILES OF THE SATURATE 
FRACTION FROM RESIDUAL NORTH CANTAL CRUDE 


OIL EXTRACTED FROM THE TUBE INCUBATION EXPERIMENT 


Top: Saturate profile of the crude petroleum extracted from the 
Tsolate #1 tube cultures. 
Middle: Saturate profile of the crude petroleum extracted from 
control incubation tubes. 


Bottom; ‘Saturate protile of control Worth Canealyoul. 
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peak in the experimental control profile was nC as opposed to nC 


20 1S, 


in the overall control. The top profile in Figure 18 shows clearly 
that incubation of the oil in the presence of the Desulfovibrio isolate 
did not result in any significant co-oxidation of the n-alkane profile. 
The cultures, during the incubation period were certainly active, as 
Peo deposition gradually occurred throughout the complete depth of the 
Silica gel adsorbant. It is clear, however, that their activities during 
this time were not involved with n-alkane catabolism. In natural oil 
deposits where degradation has been encountered, it has been the 
saturate profile which has shown the greatest change resulting in the 
complete elimination of the n-alkane fraction from the saturate profile. 
In the experiment described here, however, there was no evidence for 
such degradation occurring. 

(ii) Growth Of Tsoltere 41 and Mixed Cultures MC #1 and MC #2 

iy Cher Presence (OLeNorth, Cantal Oil an Sealed, Agitated 
Flasks 

Since the previously-described tube experiment was unsuccessful 
in demonstrating oil catabolism based on GLC saturate analyses, it was 
thought that the organism could perhaps utilize petroleum components if 
more efficient mixing and more efficient mixing and anaerobic Ccorditions 
were employed. This involved the use of sealed 250 ml flasks, containing 
245 ml of medium, which were agitated at 250 rpm on a rotary shaken by 
lashing the flasks on their sides in conventional shaker clamps. The 
technique allowed the oil to be continuously in contact with the aqueous 
medium, thus affording better contact between the substrate and the organism. 

Details of the experimental design are presented in Table XXV. 


The oil was recovered from these flasks after 112 days of incubation at 
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TABLE XXV. DETAILS OF CULTURING EXPERIMENT USING SEALED, AGITATED 


FLASKS 
a , b Cee 
Culture Flask Medium Feso Thioglycolate 
Employed # Employed __ added added 
A, #1 + - 
Isolate #1 2 #1 - + 
3 #8 + - 
4 #8 = + 
Mixed Sulfate Reducer 5 #1 4 - 
Population: MC#1 6 #8 + ~ 
Mixed Sulfate Reducer i; #1 + ~ 
Population: MC#2 8 #8 + ~ 


Coneno!! 9 #1 + + 


ae) 80. 209ml Om North Cantal) oil placed in each flask: 
b. Feso,: 0.5 g (when used) 


Gc. | Thioglycolate- 0.25 ml of LOS "solution (when used) 


NOTE: Control flask received 2 ml of benzene to prevent any growth 


Of cells present in) thesNorthaGantal, opie 
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30°, and the results of the liquid chromatographic analyses are 
summarized in Table XXVI. A composite of the GLC saturate profiles 

is shown in Figure 19. In nearly every case there was in increase in 
the percentage of asphaltenes (benzene-soluble and insoluble). In at 
least three of the analyses, (oils from flask 1: Isolate #1, flask 6: 
MC #1, and flask 8: MC #2) there had been a reduction in the weight 

of saturate fractions. However, a comparison of the GLC profiles of 
the saturate fractions shows that no significant disappearance of 
n-alkane peaks have occurred. The only noticeable trend seen in the 
profiles was the occasional apparent buildup of the naphthenic 
envelopesin the mid=portion. of the profile (flasks 2, 4, 6, and 7). 

It is possible that with the mixed cultures employed, sufficient oxygen 
waS initially trapped in the flasks and the aerobic portion of the 
population utilized some components of the saturate fraction resulting 
in gravimetric and saturate profile changes. In two cases, (flasks 

1 and 8), the saturate profile showed a tiny alteration in the region 


OtenG—ne-2—n Ee 


1 22 23! possibly indicating some form of initial n-alkane 


catabolism. It is clear, however, that gravimetric decreases could 
clearly be related to n-alkane disappearance in aerobic (Jobson, 

et al, 1972) but not anaerobic systems. Any changes occurring through 
anaerobic catabolism were taking place via as yet unknown mechanisms 
which were not revealed by gravimetric or gas chromatographic analyses. 
Maximum production of hydrogen sulfide corresponded to those flasks 
containing lactate, yeast extract, and Feso ys and in ae cee ocd 
resulted from normal growth on lactate. 


14 
C. Metabolism of Mono-Terminally-Labelled C-Octadecane by 


Esolate. #1 
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FIGURE 19 


GLC SATURATE PROFILES OF THE RESIDUAL OIL 
SAMPLES EXTRACTED FROM THE SEALED SHAKE 


FLASKS AFTER 112 DAYS INCUBATION 


Numbers 1-9 correspond to flask numbers and descriptions as 
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TABLE XXVI. SUMMARY OF HYDROGEN SULFIDE PRODUCTION AND. LIQUID 
CHROMATOGRAPHIC ANALYSES OF RESIDUAL OIL EXTRACTED 


FROM THE SEALED SHAKE FLASK EXPERIMENT 


Weight Percent of Topped Oils 


Culture H>S* on . 

Flask # Production Asphaltenes Saturates Aromatics NSO's 
1 ++++ SiMe iS) ate: BD 05 15.4 
2 = eee 5.8 2820 1260 
5 + L2an6 44.9 233 1320 
4 a Maes: 49.2 28.3 9260 
5 coh One a2” 2 35.8 Lees 
6 ++ 22.4 8859 45.6 Ls9 
7 ats Ge? 44.4 32.4 14.0 
8 a S225 34.4 45.6 Ml es 
9 = 11.46 48.0 23.9 136 


(ECnEro! ) 


(North Cantal 
from storage) 4.54 Spats: a2 a2 12.4 


*HSS production scored from zero to four on the basis of amounts of 
FeS produced and visually compared with all other flasks. A score 
of (+) indicates FeS precipitation was barely visible; a score of 
(++++) indicates very intense production of HAS which made the flask 


contents completely black. 


The previously-described experiments show that anaerobic catabolism 
of crude petroleum (particularly the n-alkane portion), if it occurs 
at all, is an exceedingly slow process. These experiments did not 
give, however, any indication as to whether carbon from n-alkanes 
could be assimilated. Therefore Isolate #1 was grown in the presence 
of Com ocriiecane to see if label could be incorporated into cellular 
material or respired as CO... 
The experimental design, employing adapted 250 ml screw-top 
Erlenmeyer flasks, was as described in Materials and Methods. Isolate 
#1 was grown on three media (#3, 4 and 7) containing 0.1% thioglycollate 
Sy ats Ea be 10° dpm of labelled octadecane per flask. After 10 days 
incubation at 30°, the KOH was recovered from the center wells and the 
cells, after centrifugation, were subjected to a Schmidt-Thanhauser 
fractionation. The final DNA-protein pellets had a high label content 
(due to adhering octadecane label) which was resolved from this and 
the RNA fraction by use of thin layer chromatography. There was 
absolutely no evidence of any label being incorporated into cellular 


material, nor was any recovered as CO The solvent system used 


2° 
14 , 

resolved C-octadecane from the corresponding acid. There was no 
indication of any terminal oxidation of octadecane having taken place. 

Thus additional evidence had been obtained which, like the previous 
experiments, indicated that Isolate #1 was unable, under these conditions 
to utilize ocLadecane as ayCarbonm orvenergy source. 

es! : : 14 

Another similar experiment was carried out using C-l-labelled 

SLCanicracids(c.con x To” dpm/culture). In this case Isolate #1 was 


GrownsonwMedie tt), Go, and 4 er 307 for 48 hours. Analyses of the KOH 


; Lime, ee 14 
from the centre wells failed to reveal any significant amounts of CO, 
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production. As well, none of the fractionated cell components revealed 
any label incorporation. Thus oxidation of octadecane to stearic acid 
would NOt mete me Like tt NOOd watt OW LSOlate +1 to. ubmiaze, the substrate 
for carbon or energy. 
D. Demonstration of Metabolism or Growth of Desulfovibrio sp. 
in Association with Aerobic Microbial Catabolism of Crude 


Petroleum, 


(i) Metabolism of Isolate #1 in Aerobic Mixed Cultures Growing 


on North Cantal Oil 

Attempts to detect changes in crude petroleum using either 
Isolate #1 or mixed sulfate-reducing cultures under enforced anaerobic 
conditicns were quite unsuccessful. Nevertheless, the fact remains 
that viable sulfate-reducing microorganisms can be found in association 
with crude petroleum in natural CGeposits which show degradation attributed 
to microbiological processes. The work cf Kuznetsova (1965) gave clear 
evidence of a microbial succession with initial growth by aerobic 
Olnjenismes sci as Pseudomonasscp. tollowedsdaten by, an, increase in sulfate 
Peatcct SCrivityoes lie: Obl spi ids plot survey described, carlier dad not 
clearly demonstrate succession as samples were not taken with respect to. 
time. For Chis cesson,, AneVvilro web experamente, Were eet, Up. LOE y.and 
duplicate a succession series as one might find ie Ieee tuner. Le pates 
Kuznetsova's work indicated, aerobic organisms preceeded anaerobic growth, 
aerobes may well have been the agents of initial hydrocarbon oxidation, 
thus providing substrate for the later anaerobes. Therefore an experiment 


was designed to test the ability of Isolate #1 to grow or metabolize 


in cultures of aerobes using crude oil as a sole carbon substrate. 
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The aerobic culture used in this experiment was one enriched 
three years previously on North Cantal crude petroleum. The culture 
had been transferred bi-weekly to fresh inorganic salts medium with 
0.1% North Cantal oil as the sole carbon source. Thus contamination 
of the culture with non-hydrocarbon compounds was very unlikely. This 
culture couldvachieve almost complete degradation of the n-alkane 
profile (excluding pristane and phytane) within a fourteen day period, 
Jobson et al (1972). This mixed aerobic population could not grow 
Minden sehaerobilc cond trons using crude ol] as a sole carbon source, nor 


would it produce any detectable H.S under such conditions. Two cultures 


2 
of this mixed population were transferred four times on Medium #8 + 

0.1% North Cantal oil to ensure that nitrate, present in their normal 
maintenance medium, was decreased in concentration so as not to interfere 
with the growth of sulfate reducers. The fourth set of transfers were 
allowed to incubate for 14 days at 30° and treated in the following 
manner. One culture was first centrifuged to remove the bulk of the 
Celis andethenetriter-sterilized using 0745 jim Millipore filters to 
remove any remaining intact cellular material. The filtrate was used 
tomcLl! fas S500smivbottle containing one jgram of iron wool for jpoising 
purposes. A second culture bottle was filled with intact aerobic culture 
containing aerobic cells, residual crude oil, and spent medium. This 
bottle was also poised with iron wool. A third culture bottle was filled 
with fresh Medium #8 and 0.5 ml of fresh North Cantal petroleum and 

also poised with iron wool. Each bottle was then inoculated with 5.0 
ml of Isolate #1 culture by pipetting the cells into the region of the 


iron wool. These three bottles were incubated at 30°. Plate III is a 


photograph of the three bottles 72 hours after inoculation. 
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PLATES IIT 


METABOLISM BY ISOLATE #1 ON SPENT, 


AEROBIC OITL-UTILIZING CULTURE 


Medium #8 +'°0.5 mil-fresh North Cantal (oi) 72 hours arter 


InoOCculatLon WLEm lSeoLatenel- 


Fourteen day old aerobic culture in Medium #8 + 0.13% 
(vol/vol) North Cantal oil 7/2 hours after inoculation wlee 
Isolate #1. (positive HAS production) . 

Filtrate from 14 day old aerobic culture in Medium #8 


+ OLS (vol/vol). North) Cantal olde 72 ours we ate. 
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The bottle to the left of the photograph, Medium #8 + fresh North 
Cantal oil, shows no HS production and thus no apparent growth or 
metabolism of Isolate #1. The bottle on the right-hand side of the 
photograph, filtered aerobic culture, also failed to show any visible 
evidence of sulfate reduction. Only the middle bottle, containing intact 
14 day old culture, showed significant sulfate reduction indicating 
metabolism and/or growth of Isolate #1. Unfortunately, attempts to 
carry out viable count estimations of these bottles failed since, in the 
case of the positive bottle, facultative organisms were still high in 
number and caused overgrowth of the Brewer's agar; thus only a few 
black colonies were seen in the fone dilution agar tubes. No positive 
tubes were seen in the counts carried out on the other two bottles. 

Thus Plate III demonstrates that sulfate reducer metabolism, resulting 
in HS PLraductron, Was Occurring in the middle intact culture bottle; 
but suggestions of actual growth of Isolate #1 are speculative. 

Analyses of the oils were not underteken, because after 14 days 
of aerobic incubation, the oil had already been severely degraded before 
the culture was used as test medium for the anaerobic experiment. One 
can be quite certain that the substrates for metabolism in the presence 
of whole aerobic culture were hydrocarbon-derived, since this was the 
only initial source of carbon and energy. The lack of metabolism in 
the filtered culture supernatant could indicate that the substrates 
utilized by Isolate #1 could be associated with the intact aerobic 
bacterial cell surfaces or that co-participation of the actual aerobic 


culture, in some form, was necessary for the stimulation of Isolate #1 


metabolism. 


aya 


(j3) Enrichment of a Mixed Culture of Dissimilatory Sulfate 

The successful demonstration of the growth or metabolism of 
Isolate #1 in reduced, spent, cultures of a mixed aerobic population 
grown on crude oil as its sole carbon source suggested the carrying 
out of an experiment to see if both an aerobic and anaerobic 
population could be enriched from the same soil sample. 

An oil-soaked soil sample obtained from the Norman Wells refinery 
Site in 1974, and known to contain an active sulfate-reducing 
population, was used as source of inoculum for aerobic enrichment 
(Jobson, 1974) and North Cantal petroleum as sole carbon source. 

After the 7th day of the 4th transfer, the culture was used to fill a 
500 ml bottle to which was added a one gram portion of iron wool and a 
one gram portion of the refinery soil. The contents of the bottle 
turned completely black after nine days incubation at 30° indicating 
sulfate reduction had taken place. 

Phase contrast microscopy revealed an abundance of vibrio-shaped 
organisms, some spore-forming rods, and many rod-shaped organisms. The 
farst type looked @iike a Desulfovibrio sp., and the presence of spore- 
containing rods suggested the possible presence of Desulfotomaculum 
species. This black, anaerobic mixed culture was used as inoculum for 
the second phase of the experiment where three more bottles were set up. 
The first was filled with what was now transfer 6 of the initial aerobic 
enrichment, plus a one gram portion of iron wool. A second bottle was 
provided with a one centimeter layer of silica gel to which was added 
0.5 ml of North Cantal oil, one gram of iron wool and 500 ml of Medium 


#8. Finally sterile, dry Na,SO, was added to 0.1% (w/v). It was thought 
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PLATE IV 


PHOTOGRAPH OF BOTTLES AFTER 
TWENTY DAYS INCUBATION AT 30° DEMONSTRATING 
HOS PRODUCTION 


2 


Medium #8 (4 OLS NajS0.) + North Cantal O1l— 
impregnated silica gel inoculated with 10 ml of 

initial anaerobic enrichment culture. 

Spent aerobic culture growing on North Cantal Petroleum 
inoculated with 10 ml of initial anaerobic enrichment 
culture. 

Medium #8 + North Cantal-impregnated silica gel 
inoculated with 10 ml of initial anaerobic enrichment 
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that the presence of a primary electron acceptor not requiring activation 
might aid the growth of the sulfate reducing component of the population. 
A third bottle was set up like the second except that no Na,SO, was 
added. Each of the three bottles was then inoculated with 10 ml of the 
initial anaerobic culture. Between the ninth and tenth day of incubation 
at 30°, the bottle of re-inoculated aerobic culture again turned very 
black while the other two developed only slight evidence of HS 
production even after a further incubation period of ten days. Plate 

IV is a photograph of the bottles 20 days after initial incoulation. 

It is clear that the middle bottle, containing inoculated spent aerobic 
culture, is the only one of the three which shows significant HS 
production, indicating at least active metabolism of sulfate reducers. 
Viable count estimations for sulfate-reducers using Brewers agar in 

tubes was unsuccessful because most of the agar suffered severe cracking 
and spreading due to gas production by components of the population. 

This experiment would again suggest that sulfate reducing 
microorganisms can make indirect use of petroleum hydrocarbons by 
utilizing materials from aerobic populations which utilized petroleum 
as their sole carbon and energy source. As well, both the aerobic and 
the anaerobic populations were successfully enriched from the same 
soil sample. 

Experiments like these indicate how one might implicate sulfate 
reducing microorganisms as agents of oil catabolism in natural deposits. 
Lie iaeikuznetsove's Wwork.(1965)Sindicates;, the gnitial aerobic action 
on petroleum is, on a time scale, significantly removed from the period 


of intense sulfate reduction and sulfate-reducer growth, the aerobic 


components of the population may have disappeared long before the 
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presence of sulfate-reducers is realized. Thus, if one studied the 
Overall population at the time of maximal HS production and carried 
out analyses of oil at this time, an apparent link between sulfate- 
reducer growth and oil catabolism would be an obvious conclusion. 

This of course would be wrong in that catabolism of the oil would have 
already occurred. I believe this sequence of events has done much to 
lend confusion to the whole concept of “anaerobic" degradation of 
crude petroleum. 

(Tit) eevelmorionyor vine, Medium used. by ZoBell to Demonstrate 

Crude, 01) Catabolism 

The work of ZoBell (1947) was consulted several times during the 
period of time that personal attempts to demonstrate direct utilization 
of crude 011 in an anaerobic environment by sulfate reducers was 
consistantly yielding negative results. The two-part paper described 
work by ZoBell concerning the release of crude petroleum from Athabasca 
Tar sand or from shale. In the course of his discussions, he frequently 
referred to his apparent successes in showing that both pure and mixed 
sulfate reducing cultures would grow on petroleum hydrocarbons. The 
composition of the basic medium he employed in these studies is as listed 
in Materials and Methods. He stated in his papers that one could 
substitute other substrates such as crude petroleum in place of lactate 
and achieve successful growth of sulfate reducers. 

Except for the use of sea water, this medium was duplicated in our 
laboratory and used for an enrichment study. In the initial experiment, 
a one centimeter layer of oil-soaked silica gel was placed in a 250 ml 
screw-top Erlenmeyer and filled with ZoBell's medium. A one gram 


portion of iron wool and a one gram quantity of the soil taken from the 


bey eS) 


Le 


Norman Wells oil refinery was added to the flask which was sealed and 
incubated at 30°. Within four days, the flask contents were completely 


S production. However, there 


blackened, indicative of significant H, 


was no way of knowing whether the organisms were utilizing the crude 
oil, nutrients from the soil inoculum, or the ascorbate (used for 
poising purposes by ZoBell). Therefore, three more flasks were set up, 
one containing ZoBell's medium, ascorbate, iron wool and oil; the second 
contained ZoBell's medium, ascorbate, iron wool but no oil; and the last 
flask contained ZoBell's medium, iron wool, oil but no ascorbate. The 
three flasks were each inoculated with 5 ml of original enrichment. 
After three days incubation at 30°, the flasks containing ascorbate 


showed significant H.S production; while the flask lacking ascorbate 


2 
but given iron for poising showed no evidence of HS production. These 
results remained constant through twenty additional days of incubation. 
A photograph of the three flasks appears in Plate V. 

These results indicate that the ascorbate in the medium was 
apparently the substrate used for metabolism. Careful study of ZoBell's 
paper failed to reveal whether or not ascorbate was checked as a possible 
substrate. This coupled with the lack of chemical data showing oil 
degradation casts doubt concerning the validity of ZoBell's conclusions 
with respect to Desulfovibrio sp. using crude petroleum as a direct 
growth substrate. The paper of MacPherson and Miller (1963) cautions against 


the use of ascorbate as a poising agent when checking compounds as possible 


substrates for the growth of Desulfovibrio sp. 
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PHOTOGRAPH OF GROWTH FLASKS AFTER 
72 HOURS INCUBATION AT 30° USING 


ZOBELL'S GROWTH MEDIUM 


Left: Flask contains ZoBell's Salts Medium plus ascorbate with 
0.25 ml North Cantal O11 impregnated in’ siubica cel; 
Middle: Flask contains ZoBell's Salts plus ascorbate with no 
added crude oil. 
Right: Flask contains ZoBell's Salts minus ascorbate with 


0.25 ml North Cantal Oil impregnated in-.silica gel. 
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CONCLUSIONS 


The sulfate-reducer enriched from North Cantal crude petroleum 
and used in the majority of experiments in this thesis has been 


provisionally identified as being an example of Desulfovibrio 


vulgaris, var oxamicus. Like many other species of Desulfovibrio 


it uses only a few, simple organic substrates such as lactate, 
n-propanol, ethanol, oxaloacetate, and pyruvate for electrons and 
carbon. J= does not require any pre-formed amino acids or vitamins, 
but is stimulated if yeast extract is present, provided of course 
that sufficient lactate and sulfate are also present. The labelled 
yeast protein hydrolysate uptake study indicates that very little 
carbon from yeast extract is either incorporated or metabolized to 


CO Because of the ability of this organism to use simple organic 


5° 
compounds as sources of carbon and energy, it is easy to visualize 
Situations where it could successfully grow on the end-products of 
aerobic fermentations. 

Results of both batch and continuous culturing of this 
organism indicate that growth is best measured by monitoring protein, 
RNA, and DNA levels rather than viable counts. It would appear that 
the decision to study this isolate under conditions of continuous 
culture was wise in that more details concerning protein, RNA, and 
DNA metabolism could be elucidated. For instance, as a result of the 
use of continuous culture, it is apparent that Isolate #1 either 


maintains large levels of DNA, or its RNA suffers rapid turnover during 


the course of growth. Good control of RNA and protein metabolism is 


179 


7 
= 
a 
—=.. 
a 
en 


ted! «ht a reawhee~o-inS Len eats 
- a - P ie 
seiioges to y7)3ORR of% nt Rese baw 


. bf &y t: Oy wee hoi y 4 *neD ” irnolabvosg 


— 
v 


29 Vou @ Ae! Ly Githiew. © TeV Rome r 


i ;nseto sia7nts Pa | a tue ir. 2 Seu PP oe 


-_ 
: ps , : . } : i 
* 7 S z * . - 


gia3026tlexno Feanerie ous sy si Biol 


; fe, eitgioes (on snob 85. >. ui 
oy a a! a a 
i] xe donoy iF. Botatingse Sf ed 
a i “= ne is =. + mn _ 
wi weioul taobel hiss gaits 
x . a . 
Po et i b pets ete yt acneatats “4 someel 
; et be inte nos, 4 
pin eoD.t4 $i® G2. soto. tagey | me estree. 
ans 20 YS ihiwde Sit) 50 paced 0am _ 
wi ? ee E og OLS e Res ee 7 
f ne inte pods Te to - aan ashy Rr Cat 7 
- . ritulsanue, Bieos-oh erecta sont gait et 
q, Se 
a tehresachye ? ote tien, "25 
. ee W e 
gists LO welneriod, evoen Joc’ baa Gaeg ited 1 ict. vat a as 


a. 


ae ee $ paeaess ny besnenes seod at wees? —- ednotorni ‘ain oy 


sa rie dat 


- 


ae sia a 


PH.'4 . 


om Dine 


180 


evident under the varying chemostat conditions employed; however, DNA 
metabolism appears to be under loose control both at very slow and 
at very fast growth rates. 

Also as a result of using continuous culture techniques, it 
appears that Isolate #1 does not produce accumulating amounts of 
sulfite beyond intermediate growth rates. Thiosulfate, on the other 
hand, acc4aiulates at an ever-increasing rate as growth rates are 
increased. This is taken as good initial evidence that, in this 
organism, thiosulfate reduction can potentially be the rate limiting 
Step of dissimilatory sulfate reduction. 

In terms of the media employed in these continuous culture 
studies, it appears that Isolate #1 grows most intensively at a growth 
rate no higher than 0.08 Hea However, maximum hourly production 
levels are achieved at growth rates in the order of 0.26 en 

Maximum sulfur isotope fractionation, although never excessively 
Dion wath isolate #1, was not onlyva Lunction™ of growth rate, but of 
the combined levels of electron donor (lactate), electron acceptor 
(sulfate), and of the level of yeast extract provided. 

Direct and significant catabolism of crude petroleum by Isolate 
#1 or MC #1 and #2, under anaerobic conditions, cannot be demonstrated, 
nor is there any evidence of labelled octadecane uptake or 
metabolism. This indicates that such reactions either do not occur, 
or do so at rates imperceptable in terms of the incubation times used. 

Attempts to relate heightened levels of sulfate-reducer activity 
with the presence of oil spills are apparently very difficult when 


these spills have received exogenous nitrogen and phosphorous. 


7 e 
. . i ‘mnaetuseeo ris + Ayers 
> a@% o a aw 
rs = 
7 
se 
Ps : 
t : —— . 
2 b me 
« é 
i Mi a 
at : os a J 
J Tu 
p 
7 . 
”~ - ~. & * o Oi gs rie 
w OY f mi 
= hee 
> 
i 
‘ 
- - +. ~ , s a> 
: 1 = 
’ 
f =r: ~ ‘ee Hipeard 
7 « , A 
~- § - ° Po 
‘ + -. ty = « 
« 7 — Ps 
"s - : « - ~~ » wae a fac => £ 
‘> 4 -. 
ss 
- oa Es 
~ o ~~ - , fs ome a 
> wa US 4S ia 
= pat 
\ ( 
. Z = . " 
~~ - 4 * = “3 be 
} 1. aa EF 
3 
™ « 
p « a ey + » . 
a br alien a » Da —— 
a i “ = 
ac 
el 
’ 
>} =a 
ke 3 
Ri = * - 
' A. a 4 R a ix item, 2H 
q a j 
> 
~ > a . — 
~ a — 
~ " — - 4 << 
4 ud o > - 4. eS) & 
i 
4 + re 4 * = . 5 . ool =e 
. et? on a ays 2 Pee Seyret) 
; es ] i § oe | > tae 
ae a 
he he a oe 
P - “ 
- a +r ~_ > ~~ er tal | 
~~ 4 3 5 } ‘7 
\ 
a 
i] ~ 
= - - ae, & “ 
% - - # = 
- a - —_ pa 2 “al 
ow 
4 - : i» a 
* d lin ate 
yi ~ 


4 > _ a « . re sit | ak eal eat oe -" 
: ea: © * ba? mus Ani ey ij Peed i a. H ¥ ig 37 eS ely, nae 


iy 2 
7 : 0) rs 
aii | f-sewriiey \and 
4 f'ta 7 _ 


m 7 " 7 


a +6 ee ta 
Boke eh arail 7) - J 
* 


The conclusion of the study carried out for this thesis is that one 
cannot tell whether stimulation of the sulfate-reducers is due to 
the enhanced nutritional status or the presence of higher numbers of 
aerobic, Orca smissin theetertiii zed o1l spill. 

There is good initial evidence that both Isolate #1 and enriched 
mixed cultures of sulfate-reducers can respire and perhaps divide in 
spent aerobic cultures which have used crude petroleum as a sole 
source of carbon and energy. Moreover, both the aerobic, and the 
sulfate reducing populations can be sequentially enriched from the 
same soil indicating that succession by sulfate-reducers could be 
possible in almost any environment where crude petroleum might he 
spilled. 

In all likelihood, the significant role of sulfate-reducers, 
in terms of petroleum catabolism, hinges around their abilities to 
act as succession populations. In doing so, they probably make use 
of metabolic end-products resulting from classical utilization of 
crude petroleum by aerobic microbial populations. This suggestion is 
not incompatible with actual in situ data, which indicates that in 
oil deposits showing apparent microbial degradation, significant 
levels of dissolved oxygen can be found in ground waters. It is 
therefore probable that utilization of petroleum carbon by sulfate- 
reducers in an anaerobic environment is an indirect process 
dependent upon initial aerobic oxidations by separate microbial 


populations. 
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APPENDIX 
Uptake and Metabolism of BCol-Tapellea Lactate by Isolate #1 

This experiment was designed to study the metabolism of lactate, 
the major carbon substrate. Chemostat studies indicated that lactate, 
especially in the nutritional experiments, tended to be limiting. The 
results of the labelled yeast protein hydrolysate experiment described 
earlier indicate lactate is the primary electron donor (energy source) 
and provides the bulk of the cellular carbon for all synthesis. 

The experiment described here was designed primarily to determine 
howamucninot the C-l carbom of lactate wassutilazed (in the.form of 
pyruvate) for purposes of cell synthesis, as well as to gain further 
evidence as to amounts of pyruvate oxidation to acetate and labelled cO., 
which might potentially occur. 

The design of this experiment was as described in Materials and 
Methods, part VA. Media #'s 1-7 were tested. Medium #7 forced 
Isolate #1 to make use of lactate as the sole energy and carbon source. 
Each flask received 1.08 x 108 dpm of C-1 labelled lactate and 5 ml of 
483hour inoculums Sineubation was for!) J/2 hourssat 30°. Phe long 
incubation period was purposely used in order to ensure that the 
Maximum amount of lactate oxidation to acetate and CO, would be allowed. 

Table XXVII summarizes the amounts of labelled cO., which were 
produced during the growth of Isolate #1 on the seven media, the amounts 
of abel incorporated, and the distribution of incorporated label - 

Table XXVIII summarizes the label incorporation and the production of 
labelled CO. aS a percentage of the total labelled lactate added to each 


flack. 
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LA Le AW belt DISRCEN TOFS iE C-1 LABELLED LACTATE INCORPORATED 


INTO CELLULAR COMPONENTS OR FOUND IN METABOLIC CO 


D 
Medium # Sas co, % as RNA % aS Protein-DNA Total 
aL. 5acd 0.48 2.0 56.06 
2 49.0 O25 23 Bak SAAS 
3 Ales Omne sd 495-38 
4 Ono ©), 34! ed 2) 5 O! 
5 BOw ds Cees Ci eG Sa se 
6 Lae] O22 de Balsa 


The largest portion of the metabolized label appeared as 1400 
Depending on the growth medium used, 41-58% of the label could be 


detected as CO.. THES WOULG= indicate rthatwat Leash l41=—583 of the total 


lactate was completely oxidized to CO, and acetate. Unfortunately the 


as 


media did not exhibit their growth differences as well as was demonstrated 


iimiicmchemos tat. = (nie, nos doube wa 1 secueetosthe sractuthatethe cultures 
wemerallowed toe grow for a Lull 97 2-hoursy) «By allowings this? teshappen, 
the cultures probably grew to rather similar levels at which point 
HS toxicity began occurring. MThus the HS levels in the sealed flasks 
esevved a dreaver Control on growen ineol likeli hoodmtnan iid (the 
medium involved. This is a severe limitation of the experimental design, 
but could not be helped under the circumstances. Even more unfortunate 
was the fact that Ricos production did not demonstrate any dilution 
effect due to the presence of various levels of unlabelled lactate 
in the 7 media tested. 

Hes not surprising that the specifie activity of the protein 
was very low since only a few amino acids are derived from pyruvate 
(the only oxidation product of lactate still possessing the labelled 
C-l carbon). These amino acids would comprise alanine, valine, 
leucine, and isoleucine. Small amounts of label were detected in 
the acid-soluble pool (0.3 N HCl) , wash). However, as in the case of 
the labelled yeast protein hydrolysate experiment, the amount of labelled 
pool was insignificant. =This must mean, | specifically in the lactate 
case, that by the time lactate carbon appears in the pool, it is 
mostly in the form of acetate and the carboxyl group has already been 
liberated as CO... Thus the organism does not appear to transport and 


2 


maintain significant amounts of lactate or pyruvate within the cell 


Cné 
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during growth. 

There were differences in the percentages of label accounted for 
in the 6 tests. Unless this can be explained by variance in the- 
degree of acer trapping among the flasks or other unknown quenching 
factors which were not considered, there is no explanation which would 
aecOunesLOn lies ackwOlunitonmmltcy Im the total accounting of label. 
The latter suggested possibility is unlikely since quench factors 
for the medium and for the KOH used for CO, trapping were calculated 
and used in all the labelled experiments. 

The primary fact which was reinforced by this experiment was 
that lactate primarily serves as an electron donor; under most circum- 
stances the lactate which is taken up is oxidized completely to acetate 


and CO Further, although lactate can serve as the sole source of 


5° 
carbon for synthesis, only a small fraction is derived from pyruvate, 
while probably 90-95% of the remainder is derived from acetate (acetyl 
CoA). 


Studies should be carried out, using C-2 and C-3 labelled lactate, 


: LAs =. , ‘ 
to determine the amounts of GincorporatioOn santo cellular materials. 
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